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Climate change is accelerating glacier retreat across mountain regions globally. 
Reductions in ice melt inputs are rapidly altering the geomorphology, flow regime and 
physicochemistry of rivers, modifying their habitats and ecological communities. These 
changes will influence the biodiversity and ecosystem service provision of alpine rivers. 
The responses of many taxonomic groups remain undescribed, with implications for 
freshwater networks and their functions not fully assessed. This thesis used 
chronosequences of sites representative of reducing catchment glacier cover to 
investigate the response of alpine river ecosystem structure and functioning to glacier 
retreat. A new literature-derived conceptual model was developed to synthesise the 
multitrophic responses of taxonomic groups to declining glacier cover and identify 
research gaps for this study. Focus was then placed upon benthic diatoms, a less 
studied group which drive primary production in alpine rivers. Observations in the 
Austrian Alps provided first evidence of their increased alpha- but reduced beta-
diversity as glacier cover was lost. To consider concurrent taxonomic responses, nine 
new river food webs were constructed using gut contents analysis, for the natural 
successional gradient imposed by glacier retreat. Significant rewiring of food webs 
occurred along the chronosequence, with absence of species loss and network 
collapse indicating robustness to deglaciation. A global-scale field experiment revealed 
the structure of mountain river ecological communities to be associated significantly 
with their ecosystem functioning. Ice loss increased the abundance of aquatic fungi and 
a cellulolytic gene, which were correlated to accelerated decomposition of cellulose, 
the principal component of riparian vegetation. Findings were used to revise ecological 
models and propose future research. The identification of clear links between 
decreasing glacier cover and freshwater biodiversity, food webs and functioning 
suggests that glacier retreat will drive major alterations in alpine river ecosystems.   
 vi  
 
 
Table of Contents 
Declarations .............................................................................................................. i 
Acknowledgements ................................................................................................. iii 
Abstract ................................................................................................................... v 
Table of Contents ................................................................................................... vi 
List of Tables ........................................................................................................... x 
List of Figures ......................................................................................................... xi 
List of Appendices ................................................................................................ xiii 
List of Abbreviations ............................................................................................. xiv 
Chapter One: Introduction ....................................................................................1 
1.1 Research context and rationale .................................................................1 
1.2 Aim, objectives and research approach .....................................................3 
1.3 Research originality ...................................................................................4 
1.4 Thesis synopsis .........................................................................................4 
Chapter Two: The multitrophic effects of climate change and glacier retreat 
in mountain rivers .........................................................................................7 
2.1 Introduction ...............................................................................................7 
2.2 Climate change induced glacier retreat in the twenty-first century .............9 
2.3 Hydrology and physicochemistry of mountain rivers in a changing 
climate ....................................................................................................9 
2.4 Biotic responses to glacier retreat ........................................................... 12 
2.4.1 Bacteria and Archaea .................................................................. 13 
2.4.2 Fungi ........................................................................................... 14 
2.4.3 Protists ........................................................................................ 14 
2.4.4 Soft-bodied algae ........................................................................ 14 
2.4.5 Diatoms ....................................................................................... 15 
2.4.6 Invertebrates ............................................................................... 15 
2.4.7 Mammals ..................................................................................... 18 
2.4.8 Amphibians .................................................................................. 18 
2.4.9 Fish ............................................................................................. 19 
2.5 Synthesising freshwater ecosystem responses to glacier retreat ............. 20 
2.6 Freshwater biodiversity responses to glacier retreat: model application .. 23 
2.7 Food web responses to glacier retreat .................................................... 25 
2.8 Conclusions ............................................................................................ 28 
 vii  
 
 
Chapter Three: Declining glacier cover threatens the biodiversity of alpine 
river diatom assemblages ......................................................................... 31 
3.1 Introduction ............................................................................................ 31 
3.2 Materials and methods ........................................................................... 33 
3.2.1 Study area .................................................................................. 33 
3.2.2 Field sampling............................................................................. 35 
3.2.3 Laboratory analysis ..................................................................... 36 
3.2.4 Data analysis .............................................................................. 37 
3.3 Results ................................................................................................... 38 
3.3.1 Environmental parameters .......................................................... 38 
3.3.2 Diatom assemblages and taxon biodiversity ............................... 41 
3.4 Discussion .............................................................................................. 45 
3.4.1 Environmental parameters .......................................................... 46 
3.4.2 Diatom assemblages and biodiversity ......................................... 47 
3.4.3 Wider implications of the diatom assemblage response .............. 50 
Chapter Four: Decreasing glacier cover reveals predictable successional 
changes in the structure and allometry of river food webs .................... 52 
4.1 Introduction ............................................................................................ 52 
4.2 Methods and materials ........................................................................... 54 
4.2.1 Study area and site selection ...................................................... 54 
4.2.2 Field sampling............................................................................. 55 
4.2.3 Laboratory analysis ..................................................................... 56 
4.2.4 Data analysis .............................................................................. 58 
4.3 Results ................................................................................................... 62 
4.3.1 Alpine river biodiversity ............................................................... 62 
4.3.2 Food webs .................................................................................. 62 
4.3.3 Allometric scaling ........................................................................ 69 
4.4 Discussion .............................................................................................. 70 
4.4.1 Food web structure ..................................................................... 71 
4.4.2 Allometric scaling ........................................................................ 75 
4.4.3 Wider implications of river food web responses to glacier retreat 77 
Chapter Five: Glacier loss accelerates fungal decomposition of river 
organic matter ............................................................................................ 79 
5.1 Introduction ............................................................................................ 79 
5.2 Methods and materials ........................................................................... 82 
 viii  
 
 
5.2.1 Study areas ................................................................................. 82 
5.2.2 Field sampling ............................................................................. 83 
5.2.2.1 Environmental parameters ............................................... 83 
5.2.2.2 Decomposition assay ....................................................... 83 
5.2.3 Laboratory analysis ..................................................................... 84 
5.2.3.1 Tensile strength determination ......................................... 84 
5.2.3.2 Molecular methods ........................................................... 85 
5.2.4 Data analysis ............................................................................... 87 
5.2.4.1 Tensile strength loss determination .................................. 87 
5.2.4.2 Bioinformatic analysis ...................................................... 88 
5.2.4.3 Ecoinformatic analysis ..................................................... 88 
5.2.4.4 Statistical analysis ............................................................ 88 
5.3 Results .................................................................................................... 89 
5.3.1 Environmental parameters ........................................................... 89 
5.3.2 Microbial community and cellulose decomposition ....................... 90 
5.4 Discussion ............................................................................................... 95 
5.4.1 Environmental parameters ........................................................... 95 
5.4.2 Microbial community and cellulose decomposition ....................... 96 
5.4.3 Evaluating the suitability of cotton strip assays for mountain river 
systems ..................................................................................... 100 
5.4.4 Wider implications and further research ..................................... 100 
Chapter Six: Alpine river ecosystem response to glacier retreat: current 
scientific understanding and proposed future research directions ...... 102 
6.1 Introduction ........................................................................................... 102 
6.2 Objective 1: Analytical research synopsis .............................................. 102 
6.2.1 Objective 2: Response of benthic diatom biodiversity to declining 
catchment glacier cover ............................................................. 103 
6.2.2 Objective 3: Response of river food webs to declining catchment 
glacier cover .............................................................................. 105 
6.2.3 Objective 4: Response of microbial communities, functional 
genes and ecosystem functioning to declining catchment glacier 
cover .......................................................................................... 107 
6.3 Application of key findings to research and conservation practice ......... 108 
6.3.1. Application of key findings to research ...................................... 108 
6.3.1.1 Multitrophic responses to reducing catchment glacier 
cover ................................................................................. 108 
 ix  
 
 
6.3.1.2 Food web responses to reducing catchment glacier 
cover ................................................................................ 118 
6.3.1.3 Microbial community structure and ecosystem 
functioning response to reducing catchment glacier cover.122 
6.3.2 Application of key findings to conservation practice .................. 123 
6.4 Research limitations and future research directions ............................. 125 
6.4.1 Research approach .................................................................. 125 
6.4.2 Researching alpine river benthic diatom communities............... 127 
6.4.3 Researching alpine river food webs .......................................... 128 
6.4.4 Researching glacierised mountain river organic matter 
decomposition ........................................................................... 129 
6.5 Thesis conclusions ............................................................................... 131 
References ........................................................................................................ 133 






 x  
 
 
List of Tables 
Table 3.1 Sampling site information....................................................................... 35 
Table 3.2 GLM, GAM and Mantel summary statistics for the effect of glacier 
cover on physical, chemical and biological parameters ................................. 41 
Table 3.3 Significant (p < 0.05) Spearman’s rank correlations (rho) between 
valve abundance (log10 (×+1)) of alpine river diatom taxa and Axis 1 of the 
NMDS ordination plot .................................................................................... 45 
Table 4.1 GAM/GLM statistics for relationships between catchment glacier cover 
and environmental parameters, biodiversity metrics, connectance and 
trophic food web descriptors and biomass .................................................... 67 
Table 5.1 GLM/GAM model summary statistics for relationships between 
catchment glacier cover (%), tensile strength loss (%) (lbs/ degree-day), 
microbial qPCR copy numbers, fungal OTU abundance (Ascomycota, 
Tetracladium, saprotrophs) and environmental parameters for six 
glacierised regions ........................................................................................ 93 
Table 6.1 River taxa which may benefit or be imperilled by sustained reductions 
in catchment glacier cover .......................................................................... 105 
 
 xi  
 
 
List of Figures 
Figure 1.1 Schematic representation of thesis structure. ........................................ 5 
Figure 1.2 Methodological approaches adopted to investigate different levels of 
biological organisation with regard to alpine river biotic communities. ............ 6 
Figure 2.1 A summary of published literature regarding alpine stream taxonomic 
groups and food webs in glacier-fed rivers from 1976 to 2017 ........................ 8 
Figure 2.2 Global glacier mass balance alterations (1991 to 2000 and 2001 to 
2010), adapted from Zemp et al. (2015). ........................................................ 9 
Figure 2.3 Theoretical predictions and empirical data for physicochemical 
parameter responses to reducing catchment glacier cover across the 
Northern Hemisphere ................................................................................... 11 
Figure 2.4 A composite figure based on the conceptual models of Milner et al. 
(2001) and Cadbury et al. (2011) ................................................................. 17 
Figure 2.5 A conceptual model of the first appearance of key alpine river taxa 
along a gradient of reducing catchment glacier cover across the Northern 
Hemisphere .................................................................................................. 23 
Figure 2.6 The predicted response of river food web connectance metrics to 
reducing catchment glacier cover ................................................................. 26 
Figure 3.1 Schematic diagrams illustrating the position of sampling sites within 
multiple glacierised valleys of the Austrian Alps ........................................... 34 
Figure 3.2  Relationships between catchment glacier cover and physical, 
chemical and biological parameters ............................................................. 40 
Figure 3.3 Relationships between catchment glacier cover and both within‐site 
and between-site β‐diversity. ........................................................................ 42 
Figure 3.4 NMDS ordination plots of river sites and significantly correlated site‐
specific environmental vectors ..................................................................... 44 
Figure 4.1 Structural alteration of alpine river food webs along a gradient of 
reducing catchment glacier cover ................................................................. 64 
Figure 4.2 Significant GAM/GLM relationships between connectance and trophic 
descriptors of alpine river food webs and catchment glacier cover ............... 66 
Figure 4.3 Alterations to the total biomass of basal taxa, primary consumers, 
predators and all aquatic biota of alpine river food webs along gradients of 
increasing catchment glacier cover .............................................................. 69 
Figure 4.4 Relationships between biomass (M) and abundance (N) of food web 
consumers and resources ............................................................................ 70 
Figure 5.1 Global distribution of glacierised mountain study regions. ................... 82 
Figure 5.2 Globally synchronous GLM/GAM relationships between catchment 
glacier cover, tensile strength loss of river incubated cotton strips and their 
cotton assay microbial communities ............................................................. 91 
 xii  
 
 
Figure 5.3 Relationships between tensile strength loss and reducing catchment 
glacier cover for (a) all sampled river sites and (b) sites hosting qPCR 
amplification .................................................................................................. 94 
Figure 5.4 Comparison of log10 daily cellulose decomposition rates (kD) in 
glacierised mountain rivers and rivers representing eleven other biomes  ..... 95 
Figure 6.1 First occurrence and richness of river (a) macroinvertebrates, benthic 
diatoms, (b) fungal (ITS) OTUs and (c) bacterial (16S) OTUs along a 
gradient of reducing catchment glacier cover. ............................................. 111 
Figure 6.2 First occurrence of macrofauna, meiofauna and microfauna and their 
individual biomass along a gradient of reducing catchment glacier cover for 
river sites in the central Austrian Alps ......................................................... 115 
Figure 6.3 Alteration to the connectance descriptors of alpine river food webs 
along a gradient of reducing catchment glacier cover. ................................ 119 
Figure 6.4 Metrics for nine alpine river networks presented in Chapter Four 


















 xiii  
 
 
List of Appendices 
Appendix 1: Study site information ................................................................. 157 
Appendix 2: Supporting information for Chapter Three ................................ 163 
Appendix 3: Supporting information for Chapter Four .................................. 164 
    Appendix 3.1: Taxonomic identification references ......................................... 164 
    Appendix 3.2: Yield effort curves ..................................................................... 169 
    Appendix 3.3: Estimations of biomass for aquatic macroinvertebrates and 
periphyton .................................................................................................. 171 
    Appendix 3.4: Study-specific macroinvertebrate body-size relationships ......... 174 
    Appendix 3.5: Species list ............................................................................... 176 
    Appendix 3.6: Richness and abundance of river macroinvertebrates and 
diatom valves ............................................................................................. 183 
    Appendix 3.7: Food web nodes ....................................................................... 185 
    Appendix 3.8: Connectance and trophic food web descriptors ........................ 186 
    Appendix 3.9: Influence of a proglacial lake on food web structure ................. 188 
    Appendix 3.10: Additional food web descriptors .............................................. 191 
    Appendix 3.11: Relationships between food web descriptors and 
environmental parameters .......................................................................... 192 
    Appendix 3.12: Species-averaged and individual MN regressions .................. 195 
Appendix 4: Supporting information for Chapter Five ................................... 197 
    Appendix 4.1: Arrhenius plot ........................................................................... 197 
    Appendix 4.2: Microbial taxa responses to reducing glacier cover and tensile 
strength loss ............................................................................................... 198 
    Appendix 4.3: Influence of proglacial lake inputs on catchment glacier cover 
relationships ............................................................................................... 199 
    Appendix 4.4: Mixed effect models .................................................................. 200 
    Appendix 4.5: Significant relationships with environmental parameters ........... 201 
Appendix 5: Supporting information for Chapter Six ..................................... 203 
    Appendix 5.1: Taxa responses to declining catchment glacier cover at different 
levels of biological organisation .................................................................. 203 
    Appendix 5.2: Relationships between catchment glacier cover and α-diversity 205 
    Appendix 5.3: Comparison of observed food webs to those in published 
literature ..................................................................................................... 206 
    Appendix 5.4: Quantitative representations of glacier influence ................. …. 214 
Appendix: References………………………………………………………………...215 
 
 xiv  
 
 
List of Abbreviations 
16S 16S ribosomal RNA sequences 
ɑ-diversity Alpha (local) diversity  
β-diversity Beta (site) diversity  
𝛾- diversity Gamma (regional) diversity 
AASER Arctic and Alpine Stream Ecosystem Research (Program) 
AFDM Ash free dry mass 
AIC Akaike information criterion  
ArcGIS Aeronautical reconnaissance coverage geographic information system 
ASTER Advanced spaceborne thermal emission and reflection radiometer 
B Basal node 
BMNT Bundesministerium Nachhaltigkeit und Tourismus (Federal Ministry of 
Sustainability and Tourism - Austria)  
BSA Bovine serum albumin  
C Directed connectance 
14C Radiocarbon 
cbhI Cellobiohydrolase I gene 
CELLDEX CELLulose DEcomposition EXperiment 
CEN Comité Européen de Normalisation (European Committee for 
Standardisation)  
cf. Compare  
Con Consumer 
CPOM Coarse particulate organic matter 
DC Dissolved carbon 
DD Degree-day 
DEM Digital elevation model 
DNA Deoxyribonucleic acid 
DOC Dissolved organic carbon 
EC Electrical conductivity 
EEA  European Environment Agency 
F  F-test statistic 
GAM  Generalised additive model 
GAMM  Generalised additive mixed model 
GCA  Gut contents analysis 
GIS  Geographic information system 
 xv  
 
 
GLM  Generalised linear model 
GLMM  Generalised linear mixed model 
gr.  Group (species-group) 
Hx  Hypothesis 
I  Intermediate node 
IPCC  Intergovernmental Panel on Climate Change 
ITS  Internal transcribed spacer (region) 
IUCN  International Union for Conservation of Nature 
juv.  Juvenile  
K  Kelvin 
kB  Boltzmann constant  
kD  Daily cellulose decomposition rate (non-temperature-adjusted) 
M  Biomass 
max.  Maximum 
MCL  Mean chain length  
min.  Minimum 
N  Abundance (population density) 
n  Number (samples/sites/replicates) 
NGS  Next-generation sequencing 
NMDS  Non-metric multidimensional scaling  
NTU  Nephelometric turbidity units 
Ox  Objective 
OLS  Ordinary least squares 
OTU  Operational taxonomic unit 
PCR  Polymerase chain reaction 
qPCR  Quantitative polymerase chain reaction 
Res  Resource 
rho  Spearman’s rank correlation coefficient   
RNA  Ribonucleic acid 
S  Node (species) 
SD  Standard deviation 
SE  Standard error 
SIA Stable isotope analysis 
SNSB Staatliche Naturwissenschaftliche Sammlungen Bayerns (Bavarian 
State Scientific Collections)  
sp. (spp.) Species (multiple) 
 xvi  
 
 
SSC Suspended sediment concentration 
T Top node 
t T-test statistic  
Temp Mean river water temperature (°C) 
Tmax Maximum river water temperature (°C) 
TN Total nitrogen  
TP Total phosphorous 
TS Tensile strength  




WGS World geodetic system 
WWF  World Wide Fund for Nature 
  
 1  
 
 
Chapter One: Introduction  
1.1 Research context and rationale 
Anthropogenically forced climate change is driving unprecedented twenty-first century 
increases in near-surface temperatures globally (Pepin et al., 2015). This warming is of 
greatest rate and magnitude in alpine and Arctic regions, which are also experiencing 
altered patterns of precipitation (Huss, 2012; Gobiet et al., 2014). Consequently, many 
mountain catchments are characterised by pervasive and accelerating glacier thinning 
and retreat (Huss et al., 2017; Beniston et al., 2018), with the European Alps predicted 
to lose up to 89 % of their glacier volume by 2100 (EEA, 2016). Alterations to the rate, 
timing and volume of ice melt contributions to alpine rivers may modify their 
geomorphic stability, physicochemistry and temperature dynamics (Milner and Petts, 
1994; Milner et al., 2009; Bliss et al., 2014; Huss and Hock, 2018), with significant 
implications for river habitats and their associated biodiversity (Brown et al., 2007a). 
This climatic sensitivity, coupled with potential for glacier-fed headwaters to influence 
community assembly and ecosystem functioning in freshwaters downstream (Milner et 
al., 2017), makes alpine rivers critically important places to study the influence of 
climatic change upon ecological systems (Hannah et al., 2007). 
 
Following attainment of peak flow, sustained glacier retreat will reduce ice melt inputs 
to proglacial mountain rivers, altering the proportional contribution of snowpack melt, 
precipitation and groundwater flow (Brown et al., 2007a; Huss et al., 2008; Bliss et al., 
2014). Each water source has discrete physicochemical and discharge characteristics, 
with rivers dominated by glacier meltwaters hosting significantly lower mean water 
temperature, channel stability and electrical conductivity than groundwater-fed reaches 
but higher suspended sediment concentrations and greater diel and seasonal 
discharge variability (Milner and Petts, 1994; Milner et al., 2001; Brown et al., 2007b). 
This abiotic environment influences how macroinvertebrates and microbenthos 
assemble as communities, many of which support rare, endemic and threatened 
species (Ilg and Castella, 2006; Falasco and Bona, 2011; Jacobsen et al., 2012). 
Concurrent biotic influences of predation, competition, parasitism and dispersal may 
also be important drivers of community succession but remain less studied in alpine 
rivers (Brown and Milner, 2012; Brown et al., 2018). The heterogeneity of aquatic 
habitat is thought to be responsible for high biodiversity in mountain river systems yet 
as glacier retreat modifies water source contributions, it will alter the extent, distribution 
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and persistence of their associated habitats and ecological interactions (Milner et al., 
2017).  
 
While the response of river macroinvertebrate communities to deglaciation is well 
described (Milner et al., 2001; Jacobsen et al., 2012; Brown et al., 2018), impacts upon 
freshwater meiofauna and microbenthic species remain less understood. For example, 
few studies have investigated the sensitivity of benthic diatoms to glacier retreat 
despite their important functional role as the principal primary producers in alpine river 
systems (Rott et al., 2006; Gesierich and Rott, 2012). Collating the simultaneous, 
interactive and cumulative responses of populations across multiple taxonomic groups 
will improve prediction of whole aquatic ecosystem alterations following glacier retreat 
(Woodward et al., 2010a). Food web modifications cannot be extrapolated from 
species responses as emergent properties characterise these complex systems and a 
network-scale approach is required as individuals will never be impacted by glacier 
retreat in isolation (Woodward, 2009). In turn, investigation of structural and allometric 
(size-based) food web responses are critical to understanding the implications of ice 
loss for river community succession. As high-alpine rivers lie above the treeline, energy 
availability to their food webs is driven primarily by decomposition of autochthonous 
resources, with inputs of terrestrial litter typically constrained to wind-blown materials 
and local inputs of alpine herbs and grasses (Gessner et al., 1998; Zah and Uehlinger, 
2001). These detrital sources are composed predominantly of cellulose, the most 
abundant organic polymer on Earth (Tiegs et al., 2019). There is a critical requirement 
to consider if and how river microbial assemblages process this material as glaciers 
retreat, given that its decomposition may account for significant fluxes of carbon into 
the atmosphere, downstream sediments and through aquatic trophic levels 
(Aufdenkampe et al., 2011; Singer et al., 2012). 
 
Enhanced understanding of the response of whole alpine river communities and their 
ecosystem functioning to glacier retreat can identify a wide range of imperilled species, 
potentially informing alpine freshwater conservation strategies, which rarely consider 
benthic taxa (Hannah et al., 2007; Khamis et al., 2014a). It also permits broader 
application as alpine rivers can act as model systems for understanding ecological 
succession given the range of water sources, morphologies and thermal characteristics 
of these systems. Due to the strong sensitivity of atmosphere-cryosphere linkages, 
studies of alpine rivers could provide early warning insights into future alterations of 
running water ecosystems at lower-altitude and -latitude (Woodward et al., 2010a; 
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Beniston et al., 2018). This approach could facilitate global-scale understanding of 
aquatic responses to a changing climate, a recent focus of multi-regional studies 
investigating the geographic variability of alpine watershed processes (Jacobsen et al., 
2012; Brown et al., 2018). This is critical given that the global rate of species loss in 
freshwaters exceeds that of all other habitat types (WWF, 2018). As much of the 
current understanding of river ecosystem structure and functioning, particularly 
regarding implications for food webs and decomposition rates, has predominantly been 
developed in temperate freshwaters, this thesis tests the generality of this knowledge 
and associated concepts to determine its application in comparatively extreme alpine 
environments.  
 
1.2 Aim, objectives and research approach 
This thesis aimed to determine how the structure and functioning of alpine river 
ecosystems respond to the alterations in catchment glacier cover induced by glacier 
retreat. This research focus was underpinned by four principal objectives: (O1) to 
develop, test and refine a conceptual model to describe the influence of reducing 
catchment glacier cover upon alpine freshwater biota spanning multiple trophic groups; 
(O2) to quantify the response of alpine benthic diatom assemblage biodiversity to a 
gradient of declining glacier cover in the European Alps; (O3) to investigate alterations 
to the structure and allometry of alpine river food webs along a glacier cover gradient in 
the European Alps, and (O4) to determine how cellulose decomposition rates and river 
microbial communities vary along chronosequences of catchment glacier cover across 
multiple mountain regions globally. O2 to O4 were investigated in the Hohe Tauern 
region of the central Austrian Alps, selected as its closely located alpine catchments 
hosted a broad spectrum of permanent ice cover and minimal anthropogenic influence, 
while reducing variability in meteorological and geological characteristics (Robson et 
al., 2016). These criteria were also employed to select sites in five additional 
glacierised mountain regions to address O4.  
 
Glacier retreat was characterised throughout this thesis in a space-for-time manner 
using chronosequences of quantified catchment glacier cover (Pickett, 1989). This 
approach was selected in preference to methods which represent glacier influence 
through qualitative water source categories (e.g., kryal, rhithral, krenal) (Hieber et al., 
2001; Rott et al., 2006) or sampling site distance from glacier margins (Milner and 
Petts, 1994; Gesierich and Rott, 2012), as they do not capture the spectrum of 
intermediate glacier retreat stages and can be disrupted by spatial (lakes, tributaries, 
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aquifer upwelling) and temporal (diurnal flood peaks, storm events) discontinuities 
(Milner et al., 2001; Huss et al., 2008). Unlike other quantitative proxies of glacier 
influence, including a multivariate glaciality index (Ilg and Castella, 2006), discharge 
wavelet patterns (Cauvy-Fraunié et al., 2014) and water source chemistry analysis 
(Brown et al., 2009a), this gradient of catchment glacier cover could be determined 
remotely through spatial analysis (ArcGIS). This enabled site selection prior to 
fieldwork, which was vital given the remote positioning of study locations. Previous 
research has shown that chronosequences representative of reducing glacier influence 
capture the alterations to river communities noted in response to real-time glacier 
retreat (Jacobsen et al., 2012; Brown et al., 2018).   
 
1.3 Research originality 
This thesis hosted theoretical novelty through its development of a conceptual model 
which synthesised published literature and original data to inform predictions of multiple 
alpine river taxonomic group responses to reducing catchment glacier cover. It 
provided novelty in research approach as few published studies have used fully 
quantified chronosequences to represent glacier retreat, when investigating biotic 
community responses (Rott et al., 2006; Brown et al., 2007a; Wilhelm et al., 2013; Ren 
et al., 2017a). While the specific research methods are well established, the originality 
of this research lay in their application in alpine catchments and along gradients of 
glacier cover. No previous research has investigated alterations to benthic diatom 
community assemblages, food web structure or cellulose decomposition along 
quantified spectrums of reducing catchment glacier cover. To date, only three studies 
have constructed gut contents analysis derived food webs in glacial streams and only 
at sites with high ice or snow melt inputs (Lavandier and Décamps, 1983; Clitherow et 
al., 2013; Parker and Huryn, 2013). Cellulose decomposition rates have not previously 
been identified in glacier-fed mountain rivers, despite its potential ecological relevance 
in comparison to traditional leaf based approaches, at sites above the treeline (Zah and 
Uehlinger, 2001). Originality and significance of the research undertaken was validated 
by publication of work for Chapter Two in BioScience (Fell et al., 2017) and Chapter 
Three in Global Change Biology (Fell et al., 2018).  
 
1.4 Thesis synopsis 
Through literature synthesis, this thesis developed a conceptual model of alpine river 
biota responses to reducing catchment glacier cover (Chapter Two). Data were then 
collated through spatial analysis (ArcGIS), fieldwork and laboratory investigations to 
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test these model predictions and investigate alterations to river ecosystem structure 
and functioning, in response to glacier retreat (Chapter Three, Four, Five). Findings 
were used to refine the initial theoretical conceptions and in turn, develop 
understanding of the ecological response of alpine river systems to a shrinking 
cryosphere (Chapter Six). To holistically investigate these responses, observations 
were conducted across a range of geographical scales, from singular (Chapter Three, 
Four) to multiple (Chapter Five) glacierised regions and simultaneously across a range 
of biological scales, from genes (Chapter Five), to individual populations (Chapter 
Three), to whole community networks (Chapter Four) and finally the ecosystem 
functioning of these communities (Chapter Five). Thesis structure is displayed in Figure 
1.1 and methodological approaches taken to investigate different biological scales 












Figure 1.1 Schematic representation of thesis structure. Box colour reflected the predominant 



















Figure 1.2 Methodological approaches adopted to investigate different levels of biological 
organisation with regard to alpine river biotic communities. O = research objective.  
 
Chapter Two synthesised current understanding of climate-hydrology-ecology 
interactions in mountain rivers, providing a rationale for research focus upon river 
ecosystems in deglaciating catchments. New conceptualisations of how reducing 
catchment glacier cover influences alpine stream biota were presented for multiple 
taxonomic groups. Chapter Three provided a population-scale investigation of benthic 
diatom assemblage responses to reducing catchment glacier cover before Chapter 
Four identified alterations to the structure and allometry of food webs along this 
gradient. Chapter Five investigated decomposition rates of cellulose in mountain rivers 
and documented, through genetic analysis, the microbial community associated with 
this process across six glacierised regions. The final chapter collated key findings from 
previous chapters and described revision of the original conceptual model. Applications 
of this thesis to research and conservation were considered before limitations and 
recommendations for future research directions were discussed.  
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Chapter Two: The multitrophic effects of climate 
change and glacier retreat in mountain rivers 
 
2.1 Introduction 
The sustained dependency of human society on hydrocarbons is predicted to increase 
global near-surface temperatures, particularly across the second half of the twenty-first 
century (IPCC, 2013). Warming will be most pervasive in high-altitude (alpine) and -
latitude (Arctic) regions and will be coupled with changing precipitation patterns (Gobiet 
et al., 2014). Significant climatic changes are already occurring in these environments, 
reducing the distribution, thickness and permanency of ice sheets and driving the 
thinning and retreat of many mountain glaciers (Zemp et al., 2015). Continued retreat 
will alter the proportional contribution of ice melt, snow melt and groundwater to 
proglacial mountain river systems (Brown et al., 2007a). Each of these water sources 
has a unique physicochemical signature and flow regime, which influences the 
assembly of river communities (Milner et al., 2009). Glacier retreat and loss will 
therefore alter the mosaic of aquatic habitats across glacier floodplains, threatening 
multiple endemic and rare species that often exist at their tolerance limits (Wrona et 
al., 2006; Brown et al., 2009b; Jacobsen et al., 2012; Giersch et al., 2016). Wider 
alterations to the persistence, density and distribution of species will combine to drive 
major biological reorganisation of mountain river ecosystems (Brown and Milner, 2012; 
Jacobsen et al., 2012). 
 
Most ecological research in proglacial river systems has focused predominantly on 
populations or communities of specific taxonomic groups, particularly 
macroinvertebrates (Figure 2.1). To move forward understanding of how climate 
change and glacier retreat are reshaping whole aquatic ecosystems, there is a need to 
develop an integrated understanding spanning multiple taxonomic groups and trophic 
levels in glacier-fed rivers (e.g., bacteria, protists, fungi, algae, diatoms, invertebrates, 
mammals, amphibians and fish; Clitherow et al., 2013). Individual to population-level 
responses cannot always be extrapolated easily to predict links at a network-level, 
given that emergent properties are characteristic of complex systems (Woodward et al., 
2010a). One means of integrating the interactions among species that are responding 
in unison to environmental change is within the context of food web ecology. 







Figure 2.1 A summary of published literature regarding alpine stream taxonomic groups and 
food webs in glacier-fed rivers from 1976 to 2017. Data were extracted from the Web of Science 
(3 March 2017) and based on the following search criteria and mixtures thereof: taxa, alpine, 
river, stream, food web and glacier. These search combinations identified research within 
glacier-fed rivers, even if they were not identified as such within publication titles.  
 
This chapter provided an overview of global-scale patterns of glacier retreat and effects 
on mountain river hydrological and physicochemical environments. It then synthesised 
the existing knowledge of how different groups of freshwater taxa (biofilm, invertebrates 
and vertebrates) respond to glacier retreat, predominantly with a Northern Hemisphere 
focus because this is where most of the relevant research has been undertaken. This 
knowledge was then integrated within a new conceptual framework that considered 
simultaneous responses of biota to shrinking glaciers as part of multitrophic river 
ecosystems. This new multitaxonomic response framework was used subsequently to 
explore the consequences for how whole river food webs can be expected to respond 
to ongoing glacier retreat. Such an approach is required to inform alpine conservation 
strategies by providing a holistic food web context for the multiple cold environment 
endemic species that are found in glacier-fed rivers around the world (e.g., Brown et 
al., 2009b; Giersch et al., 2016). These often rare species are potentially sensitive and 
vulnerable to climate change and their successful conservation will require detailed 
consideration of their links within river assemblages. As glacier-fed river systems will 
respond rapidly to climate change, any reassembly of food webs could help to identify 
structural and functional changes that could be monitored in running waters across 
other biogeographical regions (Woodward et al., 2010a). 
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2.2 Climate change induced glacier retreat in the twenty-first century  
Arctic and alpine zones are experiencing pervasive increases in near-surface 
temperatures and altered patterns of precipitation (Gobiet et al., 2014), leading to the 
thinning and retreat of many glaciers (IPCC, 2013). The magnitude of these changes is 
amplified within alpine regions as decreases in snow accumulation, earlier spring melt 
and prolonged summer ice melt are altering surface albedo and lengthening the melt 
season. This increases energy absorption and sustains negative glacier mass balances 
(Gobiet et al., 2014). These positive feedback mechanisms are accelerating alpine 
glacier shrinkage in many regions (Figure 2.2; Zemp et al., 2015). For large glaciers 
and ice sheets, such as those in parts of Iceland and Greenland, this ice melt will 
initially increase river discharge, scouring and exposing new channels as their margins 
recede. Smaller glaciers will see consistent reductions in runoff and eventually 














Figure 2.2 Global glacier mass balance alterations (1991 to 2000 and 2001 to 2010), adapted 
from Zemp et al. (2015). The question marks represent the absence of comparable data sets.   
 
2.3 Hydrology and physicochemistry of mountain rivers in a changing 
climate  
In addition to glacier ice melt, mountain rivers are supplied by runoff from snowpack 
ablation and groundwater. As described by Brown et al. (2003), these water sources 
have distinct physicochemical compositions and discharge patterns. River reaches 
dominated by ice melt have significantly lower mean water temperatures, electrical 
conductivity and channel stability and higher suspended sediment concentrations and 
greater discharge fluctuations than groundwater reaches (Figure 2.3). Ice melt inputs 
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reduce and groundwater influence increases with downstream distance from glacier 
margins, reflecting reducing catchment glacier cover (Brown et al., 2003). Temporal 
variability within water source contributions is sustained by diel and seasonal ice melt 
cycles, interannual alteration to snowpack accumulation and intense storm events 
















































Figure 2.3 Theoretical predictions (left) and empirical data (right) for physicochemical 
parameter responses to reducing catchment glacier cover across the Northern Hemisphere. 
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Data adapted from (a) Gíslason et al. (2001), (b) Thompson et al. (2013), (c) Gíslason et al. 
(2001), (d) Khamis et al. (2016), (e) Maiolini and Lencioni, (2001) and (f) Rott et al. (2006).     
 
Mountain catchments are particularly vulnerable to climate change because glacier 
runoff significantly influences the source, rate and timing of water directed to river 
networks (Brown et al., 2003; Jansson et al., 2003). Subsequently, prolonged glacier 
retreat will add further spatiotemporal variability to water source patterns. Reducing ice 
melt inputs will increase the proportional contribution of snow melt, rain and 
groundwater (Brown et al., 2003), completely reworking the mosaic of channel 
environments present in glacier-fed river floodplains (Malard et al., 2006; Brown et 
al., 2015) and inducing significant reorganisation of river biotic communities. 
 
2.4 Biotic responses to glacier retreat  
Mountain river ecosystems host a range of taxa, which play varied trophic roles. 
Primary producers include bacteria, soft-bodied algae and diatoms, whereas other 
bacteria, fungi and protists play important roles as microbial decomposers and 
consumers of particulate and dissolved organic matter (Battin et al., 2016). Benthic 
rotifers feed on primary producers (bacteria and algae) and detritus alongside 
protozoans (Schmid-Araya and Schmid, 2000). Free-living nematodes also consume 
these groups, with some species predating rotifers and other meiofauna (Schmid-Araya 
and Schmid, 2000). Multiple trophic roles are also spanned by macroinvertebrates, with  
grazers and scrapers feeding on biofilm species, detritivorous shredders, collectors and 
filter feeders consuming dead organic matter and predators selecting adult and larval 
invertebrates (Woodward, 2009). Fish, primarily salmonids, are often the top predators 
of glacier-fed river systems and although diet is species, life stage and region specific, 
components include smaller fish, macroinvertebrates and freshwater zooplankton 
(Sinnatamby et al., 2012). Some fish species also feed on the eggs of amphibians, 
which can be insectivorous or predatory (Arntzen et al., 2009; Kuzmin et al., 2009). 
Where present, semi-aquatic mammals such as desman species (Talpidae) predate 
many trophic levels with diets spanning macrophytes, insects, fish and amphibians 
(Biffi et al., 2016). 
 
Aquatic taxa within mountain rivers will respond simultaneously to water source 
alterations imposed by glacier retreat (Brown and Milner, 2012; Eisendle-Flöckner et 
al., 2013; Battin et al., 2016). It is important to review contemporary knowledge of these 
responses before attempting to understand holistically the reshaping of glacier-fed river 
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ecosystems during deglaciation. Disparate literature considering biofilm, invertebrates 
and vertebrates was collated here because despite a recent proliferation of studies 
considering trophic groups of alpine river ecosystems, they are rarely considered 
collectively. Particular focus was given to less studied groups that contribute to 
community response and encompass a broad range of endemism, rarity and 
vulnerability to climate change. 
 
2.4.1 Bacteria and Archaea 
Genetically diverse bacterial communities persist within alpine rivers, with 
Cyanobacteria (Homeothrix, Clastidium) dominating biofilm formation (Kawecka et al., 
1971; Battin et al., 2001; Rott et al., 2006). Glacially influenced rivers 
support Bacteroidetes, Proteobacteria, Actinobacteria and Nitrospira, with species that 
adhere to subglacial ice surfaces contributing to river community composition following 
spring basal floods (Battin et al., 2001; Wilhelm et al., 2013). Archaea also inhabit 
glacier ice, entering stream biofilm communities during intensive melting events and 
reducing in density with increasing distance from the glacier terminus (Battin et 
al., 2001). Although reducing glacier influence increases bacterial biomass, Wilhelm et 
al. (2013) noted reductions in bacterial α- and β-diversity as cold stenothermic species 
were replaced by generalist taxa (Freimann et al., 2013). However, this remains 
contested given that Battin et al. (2016) found α-diversity to increase as ice melt 
exposed rock and soil habitats, which provided a greater diversity of microbe sources. 
 
Glacial rivers are dominated by bacterial specialists, with groundwater species 
expressing greater metabolic redundancy and environmental plasticity (Freimann et 
al., 2013; Battin et al., 2016). This gradient of specialisation is correlated with 
suspended sediment concentration and highly glacial sites host taxa adapted to 
reduced light penetration and greater abrasion (Peter and Sommaruga, 2016). Glacier 
margin habitats are also susceptible to spring melt flood pulses, which constrain 
bacterial cell density through scouring, sheer stress and fine sediment abrasion of 
biofilm architecture (Blenkinsopp and Lock, 1994). Reducing glacier influence may 
diminish this habitat heterogeneity, favouring a more generalist bacterial community 
(Freimann et al., 2013). Response to catchment-scale variability in electrical 
conductivity and pH can further influence local species dominance (Wilhelm et 
al., 2013; Battin et al., 2016). 
 




Aquatic hyphomycetes dominate alpine river fungal communities and are the principal 
microbial decomposers of allochthonous organic matter inputs (Gessner and 
Robinson, 2003). Specialist species are relatively unconstrained by cold temperatures 
and high suspended sediment concentrations, with fungal biomass, taxonomic 
richness, sporulation rate and diversity at glacial sites reduced but comparable to those 
of temperate rivers (Gessner and Robinson, 2003). Decomposition rates were reduced 
20 to 60 % at temperatures approaching zero degrees Celsius, but it has been argued 
that this stemmed from a limited supply of organic matter rather than from 
physicochemical constraints on metabolism (Robinson et al., 1998). Reduced glacier 
influence may alter species dominance within fungal communities favouring those 
adapted to warmer waters, although this response will be mediated by local factors 
including nutrient supply and disturbance regime (Battin et al., 2016). 
 
2.4.3 Protists 
The influence of glacier retreat on protists remains poorly understood (Rott et al., 2006; 
Battin et al., 2016). Eisendle-Flöckner et al. (2013) found a 35 % reduction in 
catchment ice coverage in the Austrian Alps to double algal (minus diatom) abundance 
and increase protist abundance threefold, suggesting a stronger relationship with 
deglaciation than for other biofilm taxa. However, the absence of species-level 
identification and comparative studies hinders a more detailed analysis of this 
response. Low protist abundance where glacier influence is high may result from 
predation by meiofaunal invertebrates (Hakenkamp and Morin, 2000), which can 
remain relatively abundant within cold conditions. Some protists (e.g., larger amoeba) 
can reach sizes that justify classification as meiofauna, and their preferential grazing of 
benthic bacteria and algae (Hakenkamp and Morin, 2000) may limit the density of 
these taxa at less glacial sites. 
 
2.4.4 Soft-bodied algae 
Filamentous algae, particularly Hydrurus foetidus, dominates high-altitude river biofilm 
(Kawecka et al., 1971; Hieber et al., 2001). Although extensive catchment glaciation 
dramatically reduces algal species richness, density and diversity, cold stenotherms 
adapt to variability in flow and nutrient pulses through alterations to cell physiology, life-
cycle length and preferential use of stable microhabitats (Kawecka et al., 1971; Rott et 
al., 2006). Sessile algae are influenced by seasonal variability in light availability, 
disturbance and temperature (Kawecka et al., 1971). Hieber et al. (2001) described the 
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resulting proliferation of algal growth and chlorophyll production during spring and 
autumn: times of reduced suspended sediment concentrations, increased solar 
radiation and nutrient influx from snowpack melt. These blooms overlay a general 
increase in algal biomass with reducing glacier influence, a trend driven in part by 
groundwater blooms extending through summer (Lavandier and Décamps, 1983; Rott 
et al., 2006). Glacial river algae contribute significantly to the Red Lists of threatened 
algae across Europe (Ludwig and Schnittler, 1996; Gesierich and Rott, 2012). 
 
2.4.5 Diatoms 
Unlike other algae, diatom species richness remains high until within very close 
proximity to glacier margins and they form the principal food source of cold-adapted 
macroinvertebrates (Rott et al., 2006; Clitherow et al., 2013). As was shown by 
Gesierich and Rott (2012), Hannaea arcus, Achnanthes spp., Odontidium spp. and 
Fragilaria spp. consistently dominate glacial sites across Europe, North America and 
the Himalaya (Hieber et al., 2001; Antoniades and Douglas, 2002; Rott et al., 2006). 
These pioneer species are small and non-mobile and resist abrasion in turbid glacial 
rivers through strong adhesion to substrates at the benthic interface (Hieber et 
al., 2001; Gesierich and Rott, 2012). Antoniades and Douglas (2002) identified the 
specialist adaptions of H. arcus to cold waters and subsequent intolerance of 
groundwater. In contrast, species including Odontidium mesodon demonstrate greater 
environmental plasticity, occurring within subalpine and lower-altitude rivers. Total 
diatom biomass increases as ice melt inputs are reduced, but this proliferation may be 
constrained by herbivory, because grazing macroinvertebrates are more abundant 
within warmer, more stable rivers (Milner et al., 2009). The strong attachment capability 
of small epilithic diatoms may limit their consumption at glacial sites, increasing 
densities relative to other biofilm taxa (Gesierich and Rott, 2012). 
 
2.4.6 Invertebrates 
Although understanding of microinvertebrates (e.g., nematodes and rotifers) remains 
limited in comparison with that of macroinvertebrates (Thorp and Rogers, 2011), 
Eisendle-Flöckner et al. (2013) studied these groups in detail across the Möll 
catchment, Austrian Alps, where they dominated the invertebrate community. 
Taxonomic richness increased with decreasing glacier influence, but density and 
abundance did not do so consistently, showing limited seasonal variability. This 
relationship requires further investigation, but elevated biomass despite harsh 
environmental conditions may be explained by the resilience traits of these pioneer 
 16  
 
 
taxa (Eisendle‐Flöckner et al., 2013; Robertson et al., 2015). At highly glacial sites, 
nematodes were more diverse but less abundant than rotifers, and their maturity was 
constrained, suggesting a strong negative relationship with glacial influence (Eisendle‐
Flöckner et al., 2013). Despite this, some meiofauna may be resilient to the high flows 
associated with large glaciers yet to reach peak retreat rates, because although 
Robertson et al. (2015) identified meiofaunal taxonomic abundance and richness to 
decline following an extreme rainfall event, they returned to preflood values for some 
rivers within two years. Protozoan responses to glacier retreat should be coupled with 
meiofaunal responses, because they feed on rotifers and are consumed by nematodes 
and microinvertebrates (Schmid-Araya and Schmid, 2000). 
 
The relationship between alpine water sources and the macroinvertebrate component 
of river communities is well documented (Milner and Petts, 1994; Castella et al., 2001; 
Jacobsen et al., 2012; Cauvy-Fraunié et al., 2015). Strong responses of 
macroinvertebrate α- and β-diversity to glacier retreat have been linked to changes in 
water temperature and channel stability in many studies (Milner et al., 2001; Brown et 
al., 2007a; Finn et al., 2013). Milner and Petts (1994) and then Milner et al. (2001) 
developed a conceptual model to include water temperature and channel stability as 
critical drivers of macroinvertebrate assembly in glacially influenced rivers (Figure 2.4). 
This illustrated the reorganisation of macroinvertebrate communities in response to 
reducing glacial influence (Milner and Petts, 1994), embodying the individualistic 
concept (Gleason, 1926), by attributing ecological communities to particular positions 
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Figure 2.4 A composite figure based on the conceptual models of Milner et al. (2001) (black 
text, circles) and Cadbury et al. (2011) (grey text, squares) to illustrate the influence of water 
temperature and channel stability on macroinvertebrate community composition in Northern and 
Southern Hemisphere (New Zealand) sites respectively. 
 
Milner et al.’s (2001) revised model used information from the Arctic and Alpine Stream 
Ecosystem Research Program (AASER; Figure 2.4). This conceptual synthesis 
incorporated information from a large number of European study sites and accounted 
for serial discontinuities by removing reliance on previous assumptions that confined 
low water temperature and channel stability to close glacial proximity (Milner et 
al., 2001; Milner, 2016). Jacobsen et al. (2014) also identified temporal shifts in the 
distribution of glacier influence, with diurnal flood pulses altering downstream 
physicochemistry gradients and leading to the subsequent reorganisation of 
macroinvertebrate communities. Figure 2.4 highlights the first occurrence 
of Diamesa in highly glacial sites and an increase in other macroinvertebrate groups, 
and therefore taxonomic richness, density and biomass, with reducing glacier 
influence. Castella et al. (2001) demonstrated the pervasiveness of this pattern across 
Europe, identifying links between macroinvertebrate community structure, substrate 
stability and water temperature in glacial rivers within five biogeographical regions 
across the Northern Hemisphere. Cadbury et al. (2011) later refined this model for 
Southern Hemisphere species, using data collected in alpine New Zealand (Figure 
2.4). Despite increases in macroinvertebrate richness and biomass, glacier retreat is 
reducing the β- and 𝛾-diversity of alpine rivers globally (Brown et al., 2007a; Jacobsen 
et al., 2012; Finn et al., 2013). This is driven by the extirpation of cold stenothermic 
 18  
 
 
species dependent on the physicochemical environment provided by ice melt inputs 
(Giersch et al., 2016). This conceptual model has proven very successful in explaining 
macroinvertebrate community structure patterns in many glacier-fed river environments 
(Milner, 2016). It therefore has significant potential for being developed more widely to 
incorporate other taxonomic groups, something that to date has not been attempted. 
 
2.4.7 Mammals  
Although few semi-aquatic mammals inhabit alpine rivers, isolated species of Talpidae 
(desman) and Soricinae (water shrew) are found in localised populations (Queiroz et 
al., 1996; Hutterer et al., 2016). The Iberian desman (Galemys pyrenaicus) shelter 
within the riparian vegetation and rocky banks of glacier-fed rivers, across the 
Pyrenean Region (Biffi et al., 2016). This species is indicative of low mean water 
temperatures and preferentially feeds within rapid, highly oxygenated riffles (Biffi et 
al., 2016). Their range is dictated by the presence of prey (Trichoptera, Plecoptera, 
Ephemeroptera) and the absence of predators, including American mink (Neovison 
vison; Biffi et al., 2016). The semi-aquatic Eurasian water shrew (Neomys fodiens) 
mirrors the dependency of the Iberian desman for cold running waters, hunting insects, 
crustaceans, frogs and fish below 2500 m altitude (Hutterer et al., 2016). In contrast, 
the larger Russian desman (Desmana moschata) inhabits slow flowing rivers and lakes 
of forested alpine floodplains (Ponomarev et al., 2015). Distributed across Russia, 
Belarus, Ukraine and Kazakhstan, this species feeds omnivorously on 
macroinvertebrates, amphibians, fish and plant detritus (Queiroz et al., 1996; 
Ponomarev et al., 2015). Both desman species are IUCN Red List vulnerable species, 
and reducing glacier influence may particularly threaten the Iberian desman (G. 
pyrenaicus), which is more heavily dependent on diminishing ice melt reaches (Biffi et 
al., 2016). 
 
2.4.8 Amphibians  
Salamandridae encompasses a number of amphibious species that rely on European 
mountain rivers. The common fire salamander (Salamandra salamandra) and alpine 
newt (Ichthyosaura alpestris) favour zones of reduced glacier influence, including 
alpine woodland rivers below 2500 m (Kuzmin et al., 2009; Arntzen et al., 2009). In 
contrast, the Pyrenean brook newt (Calotriton asper) requires fast flowing, highly 
oxygenated, cobbled river reaches for larval development (Comas and Ribas, 2015). 
The common frog (Rana temporaria) persists within mountain woodlands and 
meadows below 2300 m, using rivers and lakes for larval development and 
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overwintering in open water to avoid freezing conditions (Ludwig et al., 2015). Glacier 
retreat may alter the behaviour of these species (e.g., abandonment of freeze-
avoidance strategies) but not their persistence, because they also inhabit many non-
glacierised mountain catchments (Ludwig et al., 2015). Glacier retreat therefore has the 
potential to create much more suitable river environments, aiding the spread of these 
large bodied aquatic predators. 
 
2.4.9 Fish  
Fish are often absent from highly glacial rivers, in which low water temperature 
constrains growth rates or fails to meet the optima required for particular life-cycle 
stages (Fleming, 2005). Waterfalls and steep channel gradients may also limit their 
dispersal within mountain rivers. For many species, spawning is constrained in braided 
channel systems because of high suspended sediment concentrations and an absence 
of stable pool environments (Milner et al., 2009). Despite this, large glacier-fed river 
systems in Alaska and the Rocky Mountains are able to support salmonid populations, 
because ice melt increases summer flow rates relative to clear water tributaries, 
facilitating upstream migration and elevating nutrient and oxygen availability (Dorava 
and Milner, 2000). These systems also host slow flowing side channels and pools 
suitable for rearing and juvenile overwintering, where high suspended sediment 
conditions provide cover from aerial predators (Milner et al., 2011). Arctic charr 
(Salvelinus alpinus) have also colonised low velocity proximal glacial streams in Arctic 
Canada and Norway, particularly where they are warmed by upstream glacial lakes 
(Witkowski et al., 2008; Sinnatamby et al., 2012). 
 
A reduction of glacier ice melt could limit channel discharge, restricting salmonid 
migration and disconnecting channel marginal habitats. However, flow compensation 
from snow melt and groundwater sources could maintain high, less turbid discharge, 
aiding migration and spawning (Fleming, 2005; Milner et al., 2009). Reducing glacier 
influence and subsequent increases in mean water temperatures may facilitate 
upstream dispersal of fish species as they track expansion of their thermal optima (Hari 
et al., 2005). Milner et al. (2011) found salmonids were able to rapidly recolonise 
proglacial channels within ten years of their exposure from ice cover. This dispersal 
may be limited by anthropogenic barriers, including hydroelectric dams (Hari et 
al., 2005). Biological constraints include the comparatively reduced oxygen 
concentrations of warmer waters, novel predation pressures as communities 
reassemble and the potential increase of temperature dependent disease (Hari et 
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al., 2005). Periods of high velocity flow following intense ice melt periods could act as 
physical barriers to fish dispersal within alpine streams (Sinnatamby et al., 2012). 
 
2.5 Synthesising freshwater ecosystem responses to glacier retreat  
Changes to alpine river water sourcing driven by glacier retreat will clearly influence the 
processes of mountain river ecosystem assembly for all trophic groups (Ilg and 
Castella, 2006; Brown and Milner, 2012). The discrete physicochemical and flow 
regime characteristics of ice melt, snowpack melt and groundwater act as strong 
abiotic filters in proglacial rivers, enabling only species with traits and behaviours 
adapted to these particular conditions to persist (Milner et al., 2001; Ilg and 
Castella, 2006; Brown and Milner, 2012). Although the majority of studies focusing on 
community assembly in glacier-fed river systems have worked with macroinvertebrates 
(Figure 2.1; Ilg and Castella, 2006; Brown and Milner, 2012; Cauvy-Fraunié et 
al., 2015), evidence from other groups such as bacteria and protists also suggest a 
strong abiotic influence on assembly (Eisendle-Flöckner et al., 2013; Wilhelm et 
al., 2013). Species richness and density are reduced heavily in glacial rivers, but cold 
stenothermic species have adapted to persist within turbid conditions close to freezing 
(Wilhelm et al., 2013; Peter and Sommaruga, 2016). In contrast, diatom and aquatic 
hyphomycetes communities are relatively unconstrained by harsh conditions (Gessner 
and Robinson 2003; Rott et al., 2006). 
 
As environmental harshness declines with glacier retreat, there is expected to be a 
strong reduction in the influence of deterministic, abiotic control of community 
composition and subsequently a greater importance of stochastic and competition 
driven assembly processes (Milner et al., 2011; Brown and Milner, 2012; Jacobsen and 
Dangles, 2012). This effect has been noted for macroinvertebrates but may be altered 
with detailed consideration of assembly processes that consider interactions among 
multiple biological groups, many of which have been less well studied. Furthermore, 
the relative importance of biotic interactions and dispersal processes is still considered 
as a secondary effect in comparison with abiotic controls, despite recent observations 
of strong predation, omnivory and cannibalism in glacially influenced rivers (Füreder et 
al., 2003; Clitherow et al., 2013; Khamis et al., 2015). Reductions in ice melt inputs are 
already driving the reassembly of aquatic ecosystems, because species colonisation is 
mediated by the efficacy of physiological and behavioural adaptions to imposed 
conditions (Ilg and Castella, 2006; Milner et al., 2011; Brown and Milner, 2012; 
Eisendle-Flöckner et al., 2013). There is therefore a pressing need to develop an 
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understanding of the importance of whole ecosystem interactions in these reassembly 
processes. 
 
This literature synthesis has informed the development of a new conceptual framework 
that advances the widely accepted model of Milner et al. (2001) for macroinvertebrates 
(Figure 2.4) to predict multitrophic responses to reducing glacier influence (Figure 2.5). 
The first appearances of all biological groups considered in this synthesis were 
mapped simultaneously to a gradient of reducing catchment glacier cover. The purpose 
of this model was to inform holistic predictions of whole alpine river community 
reassembly and potential food web restructuring in response to glacier retreat. 
Therefore, it can serve as a focus for moving alpine river science, conservation and 
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◄ Figure 2.5 A conceptual model of the first appearance of key alpine river taxa along a 
gradient of reducing catchment glacier cover across the Northern Hemisphere. The lines denote 
expected changes in individual biomass along the glacial gradient. Information regarding 
bacteria, protists, fungi, algae, diatoms, microinvertebrates, macroinvertebrates, mammals, 
amphibians and fish was synthesised to predict biofilm, invertebrate and vertebrate responses 
to reducing glacier influence. 
 
This conceptual model was derived from the literature synthesis described above and 
therefore requires broader geographic validation and refinement to assess its general 
applicability, in a similar manner to which the model of Milner and Petts (1994) was 
revised by the coordinated European studies (AASER) described by Milner et al. 
(2001). Data were predominantly from the Northern Hemisphere and although some 
studies demonstrate a global generality of macroinvertebrate responses to glacier 
retreat (Castella et al., 2001; Jacobsen et al., 2012), species assemblages require 
adjustment to reflect glacier-fed river ecosystems in the Southern Hemisphere 
(Cadbury et al., 2011; Jacobsen et al., 2012; Cauvy-Fraunié et al., 2015). The model 
has a temporal focus toward data collected during summer months and therefore might 
not adequately capture the seasonal biomass and diversity fluctuations of specific taxa 
(e.g., macroinvertebrates and non-diatom algae). Protist, nematode and rotifer 
components in particular need more focus than other groups, because fewer studies 
were available to detail their responses (Eisendle-Flöckner et al., 2013; Robertson et 
al., 2015). 
 
2.6 Freshwater biodiversity responses to glacier retreat: model application  
From the multitrophic synthesis of population responses to glacier retreat, a number of 
general trends can be hypothesised that transcend most taxa. Figure 2.5 suggested 
both an increase in the biomass of most groups with reducing glacier influence, as well 
as a shift toward the introduction of more large bodied predators (invertebrates, 
mammals and amphibians) as glacier cover declines. This whole food web response is 
likely to underpin the decreasing part of the unimodal response of macroinvertebrate 
taxonomic richness and density at low glacier cover (Jacobsen et al., 2012). Although 
macroinvertebrate α-diversity has been shown to peak at intermediate stages of glacier 
influence (Jacobsen et al., 2012; Brown et al., 2015), this synthesis suggested that the 
response might not be generalisable to other groups. Vertebrates, for example, 
provided an exception to these trends, because desman species (G. pyrenaicus) and 
the Pyrenean brook newt (C. asper) preferentially occupied high velocity mountain 
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rivers in the Pyrenees, increasing their density and in turn biomass with reducing 
glacier influence (Comas and Ribas, 2015; Biffi et al., 2016). Notably, they appeared 
first at intermediate levels of glacier catchment cover (Figure 2.5), in contrast to 
ubiquitous macroinvertebrates. They then continued to benefit from their improved 
habitat conditions, few if any larger predators and abundant food sources as glaciers 
were lost. 
 
For some biofilm groups (Archaea, bacteria, algae, fungi and protists) and meiofauna 
(rotifers and nematodes), the relationship between taxonomic richness and reducing 
glacier influence appeared to be linear, resulting in increases in biomass with glacier 
retreat (Figure 2.5). However, a relative lack of research focusing on the biomass of 
these groups along comprehensive gradients of glacier influence may mask a unimodal 
response as this linear trend is adjusted for groups including diatoms and protists 
(Figure 2.5). Here, densities were relatively suppressed by intensified grazing 
pressures as meiofauna and macroinvertebrate densities increased (Hakenkamp and 
Morin, 2000; Gesierich and Rott, 2012). The additive influence of these varied, multiple 
taxa group responses needs to be explored in more detail, but the cumulative effect 
can be hypothesised as an increase in community biomass in response to glacier 
retreat, reaching some form of asymptote at low or no glacier cover. However, the 
presence of subsidies from terrestrial systems may alter the nature of the total biomass 
response, especially at low or no glacier cover, or in locations such as southeast 
Alaska and New Zealand, where glaciers often terminate in close proximity to forests. 
 
Figure 2.5 illustrated a further trend that transcends most taxa: for the first appearing 
species, there was a transition from specialists to omnivorous generalists with higher 
trophic roles as glacier influence was reduced. Many cold-adapted species are 
recognised as threatened or endangered primarily because of climate induced habitat 
contraction, which for fully aquatic taxa is compounded by limited dispersal opportunity 
when large mountain ranges isolate proglacial river systems (Wrona et al., 2006; 
Brown et al., 2009b; Giersch et al., 2016). These species include macroinvertebrates 
(Baetis alpinus, Lednia tumana, and Rhyacophila angelieri) but can be found at 
multiple trophic levels within diatoms (O. mesodon and Odontidium hyemale), algae 
(Red List algae species), and vertebrates (G. pyrenaicus and C. asper) (Ludwig and 
Schnittler, 1996, Brown et al., 2007a; Finn et al., 2013; Comas and Ribas, 2015; Biffi et 
al., 2016; Giersch et al., 2016). The extirpation of macroinvertebrate stenotherms 
drives a reduction in 𝛾-diversity across formally glacierised catchments (Jacobsen et 
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al., 2012), a trend that will be exacerbated through the loss of cold stenotherms at 
additional trophic levels (Figure 2.5). 
 
2.7 Food web responses to glacier retreat  
Although it is important to determine the responses of particular trophic groups to 
glacier retreat and climate change generally, constituent taxa will never be affected 
independently because of the diversity of feeding and competitive interactions. This 
means that extrapolating out to community or whole ecosystem responses from 
population-level studies is likely to fail to capture the emergent properties that 
characterise complex ecological networks (Woodward et al., 2010a). This multitaxa 
response framework enabled explorations of how whole mountain river food webs will 
respond to deglaciation. Despite the significant contribution of network theory to 
freshwater science (Thompson et al., 2012), still only a few food webs have been 
constructed for proglacial river systems. Most researchers have employed stable 
isotope analysis to map energy flow through benthic communities (Zah et al., 2001; 
Fellman et al., 2015) highlighting, for example, the importance of dissolved organic 
matter consumption by microbial groups supporting wider food webs. However, further 
comparison of food webs is required to compare different mountain water sources. 
More studies of species-level interactions using connectance food webs are crucial to 
investigation of the direct and indirect cascades that will occur through entire river 
ecosystems with decreasing glacier influence (Clitherow et al., 2013). 
 
In a detailed mountain river food web study, Clitherow et al. (2013) used gut content 
analysis to produce connectance and trivariate food webs for the river within 100 m of 
the Ödenwinkelkees glacier, Austrian Alps (Figure 2.6). Food webs were characterised 
by the highest connectance values (0.05 to 0.19) obtained for running waters, primarily 
because of generalist, opportunistic and omnivorous macroinvertebrate feeding 
strategies in response to low primary production (Clitherow et al., 2013). Mean chain 
lengths were very short (2 to 2.27) because large predators were absent, given the 
cold-water temperature constraints on body size (Ilg and Castella, 2006; Clitherow et 
al., 2013). This diminished the size structuring usually prevalent within freshwaters 
(Woodward, 2009). The webs supported few nodes and links, reflecting the low 
densities and biomass of taxa illustrated in Figure 2.5. Feeding links were 
predominantly between macroinvertebrates (Chironomidae, Diamesa) and both epilithic 
diatoms and detritus (Clitherow et al., 2013), as was noted in other studies (Zah et 
al., 2001; Füreder et al., 2003). Although unable to identify species-level connections, 
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stable isotope analyses from other river systems have confirmed that the short mean 
chain lengths and low numbers of nodes and links in glacier margin food webs result 
from macroinvertebrate feeding plasticity in response to an annually sustained 
autochthonous energy base (Fellman et al., 2015). Isotope methods can be particularly 
useful for detecting links not easily observed using gut content approaches. For 
example, whereas Clitherow et al. (2013) inferred the importance of microbial subsidies 
of carbon and other nutrients in the Ödenwinkelkees food web, Fellman et al. (2015) 
were able to use 14C signatures to confirm that this was the case in other glacial rivers, 
where ancient carbon (hundreds of years old) released from the glacier was probably 











Figure 2.6 The predicted response of river food web connectance metrics to reducing 
catchment glacier cover. Observed connectance food webs are displayed for sites of high 
(adapted from Clitherow et al., 2013) and low (adapted from Parker and Huryn, 2006) glacier 
influence.  
 
Parker and Huryn (2006) constructed connectance food webs for an Arctic mountain 
river lacking glacier influence (Figure 2.6), which provided an indication of the changes 
that can be expected following glacier loss. A spring-fed food web supported slightly 
lower connectance (0.165 to 0.188) and longer mean chain lengths (2.98 to 3.10; 
Parker and Huryn, 2006) than those documented in the study by Clitherow et al. 
(2013). They also encompassed on average a further 14.5 nodes and 62.5 links 
(Parker and Huryn, 2006; Clitherow et al., 2013). Although an absolute comparison 
was affected by differences in sampling effort and taxonomy between the two studies, 
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some general patterns were deduced from this approach. The Arctic food webs were 
influenced primarily by the addition of top predators, Dolly Varden trout (Salvelinus 
malma) and America dipper (Cinclus mexicanus), absent from the Austrian glacial food 
webs. In addition, Khamis et al. (2015) investigated the influence of increased 
macroinvertebrate predator abundance (Perla grandis) in spring-fed, in-situ 
experimental mesocosm channels. Their results suggested that the future range 
expansion of this species (into streams that are currently highly glacial and therefore 
are unsuitable habitat) will increase trophic height (and therefore food chain length) and 
body-size spectrums through invasion, intraguild predation, and interference 
competition (Khamis et al., 2015). 
 
As prolonged glacier retreat will lead to ice melt influenced river reaches becoming 
dominated by groundwaters, it could be expected that their food webs will adopt the 
structural characteristics of spring-fed community networks (Lavandier and 
Décamps, 1983). On the basis of this concept, Figure 2.6 illustrated predicted changes 
to connectance food web metrics with reducing catchment glacier cover. Construction 
of alpine river food webs along gradients of glacier influence, using standardised 
methods and analysis techniques, is required to test these predictions further. In their 
absence, research investigating food web responses to increasing water temperatures 
may be drawn on to explain this structural reassembly. Warming increases cold water 
productivity, and more nutrient rich waters may reduce directed connectivity by abating 
the requirement for flexible, opportunistic feeding strategies and diminishing the 
omnivory and cannibalism adopted to survive on a limited food supply (Lavandier and 
Décamps, 1983; Friberg et al., 2009, Clitherow et al., 2013). Warmer waters will also 
reduce constraints on body mass and metabolic rates, hosting a greater abundance of 
larger individuals and supporting increased predator densities (Parker and 
Huryn, 2006; Woodward et al., 2010a). This, together with the upstream migration of 
ectothermic species following the expanding range of a particular life stage thermal 
optimum, will increase food chain lengths and the number of nodes (species) and links 
(Lavandier and Décamps, 1983; Brown et al., 2007a). The spectra of body sizes will 
also increase, strengthening size structuring, which can promote web stability 
(Woodward, 2009). 
 
Lavandier and Décamps (1983) identified connectance food webs to increase 
community abundance and the diversity of species along a gradient of increasing 
maximum water temperature within the snow melt-fed Estaragne Basin, French 
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Pyrenees. However, this proliferation may be constrained because novel species 
colonisation can introduce increased or additional predation pressures, interference 
competition and preferential suppression of particular prey (Parker and Huryn, 2006; 
Wrona et al., 2006; Khamis et al., 2015). Nodes and link numbers may also be reduced 
by the extirpation of cold stenotherms through competition and habitat contraction (Hari 
et al., 2005; Wrona et al., 2006; Brown et al., 2007a; Khamis et al., 2015). 
 
Reducing glacier influence comprises more than an increase in river water 
temperature, with reducing suspended sediment concentrations, discharge variability 
and channel instability also influencing food web structure (Parker and Huryn, 2006; 
Dekar et al., 2009). Parker and Huryn (2006) found spring-fed rivers supporting these 
conditions to facilitate significantly increased bryophyte growth and persistence, in 
comparison with more unstable, dynamic channels. Bryophyte and epilithon 
communities provide structurally complex habitat refugia and food sources for 
macroinvertebrate larvae and meiofauna (Battin et al., 2016). Turbidity gradients also 
exert strong control on the density of bacteria (Peter and Sommaruga, 2016). In turn, 
reduced disturbance regimes may provide a mechanism for increasing productivity, 
biomass and species densities in mountain river food webs, independently of mean 
water temperature. 
 
Glacier retreat may further influence food web structure indirectly, acting beyond water 
source alteration. Prolonged retreat and the subsequent extension of the ice-free 
period will reduce the seasonality of river ecosystems, ensuring that production and 
reproduction become less confined to a short summer phase (Malard et al., 2006; 
Durant et al., 2007). This may increase energy availability to food webs, particularly 
through algal blooming, or uncouple the timing of consumer requirement from prey 
availability, reducing food web links and potentially taxon survival (Durant et al., 2007). 
Significant ice loss could also lead to intermittency or cessation of flow (Robinson et al., 
2016). Periods of low or no flow could introduce trophic cascades of variable 
magnitude and may induce the compensatory reorganisation of whole food web cores, 
influencing all species within a community both directly and indirectly (Ledger et 
al., 2013; Lu et al., 2016). 
 
2.8 Conclusions  
This synthesis chapter presented a novel conceptual framework that collated the 
simultaneous responses of multitrophic river ecosystems to glacier retreat (Figure 2.5). 
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Knowledge of biofilm, invertebrate and vertebrate responses from individual studies 
can inform holistic predictions of the rapid reshaping of mountain river ecosystems in 
response to climate change. Although the responses of certain taxa remain poorly 
resolved, general predictions from the best studied groups can nevertheless guide 
understanding of food web responses to deglaciation. Glacial reaches are expected to 
shift over time to develop the structural characteristics of contemporary rain and 
groundwater-fed food webs (Figure 2.6). Increases in mean water temperature and 
channel stability will drive reduced directed connectance and increased mean chain 
lengths, predator densities, energy availability, size structuring and the relative 
contribution of biotic (particularly competition) influences on community assembly 
(Parker and Huryn, 2006; Woodward et al., 2010a; Brown and Milner, 2012). Mean 
numbers of nodes and links may initially increase as more and larger generalist 
species proliferate, broadening the spectrum of body sizes (Friberg et al., 2009). 
However, the potential extinction of some cold specialist species due to novel predation 
pressure and habitat reduction may constrain these metrics (Hari et al., 2005; Wrona et 
al., 2006; Brown et al., 2007a; Giersch et al., 2016). Ice melt could induce further 
structural reorganisation as reduced seasonality, periodic drought and potential flow 
cessation alter energy production rates and network stability (Durant et al., 2007, Lu et 
al., 2016). The scientific community places ‘high confidence’ in the accelerating and 
pervasive nature of worldwide glacial shrinkage (IPCC, 2013, p. 4). The associated 
threats to mountain river biodiversity (Jacobsen et al., 2012) highlight the urgent need 
for an improved understanding of these predicted responses. 
 
Future research should investigate protist, nematode, rotifer, virus and protozoa 
communities in much more detail, given that less is known regarding the response of 
these groups to glacier retreat and especially their role within food webs, which often 
reveal vertebrate-macroinvertebrate-algal links. Protist species should receive 
particular focus because their densities appear to be more sensitive to deglaciation 
than those of other freshwater taxa (Eisendle‐Flöckner et al., 2013). Species whose 
density and richness are influenced minimally by glacial conditions (e.g., aquatic 
hyphomycetes, diatoms and rotifers) should be highlighted as potential conservation 
priorities, because intensive specialisation may increase their vulnerability to water 
source alterations (Wrona et al., 2006). Comparative studies are required to determine 
food web structure both at the extremes of glacier influence and along a quantified 
spectrum of intermediary stages to investigate the ecosystem-level effects of glacier 
retreat (Clitherow et al., 2013). There is also requirement for more winter sampling 
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(Brown et al., 2015) to determine the influence of seasonal variability in biomass 
(macroinvertebrate, non-diatom algae) on ecosystem structure and food web 
dynamics. 
 
Despite the need for further validation, this new conceptual framework offered 
immediate potential to inform conservation management strategies by highlighting that 
cold stenothermic species are found beyond the macroinvertebrate component of river 
communities (e.g., algae, diatoms and vertebrates) and that other taxonomic groups 
can serve as differential indicators of climate change in mountain river systems. It also 
holds value beyond alpine rivers because the reorganisation of communities within 
glacierised headwaters will intrinsically influence the species pools available to colonise 
downstream reaches, potentially reshaping their assembly processes (Brown and 
Milner, 2012). The often strong deterministic effects of habitat on alpine river biological 
communities mean that they are valuable model systems for understanding ecosystem 
responses to environmental change. Coupled with the potential for species interactions 
to be investigated and manipulated easily and comprehensively (e.g., Khamis et 
al., 2015; Cauvy-Fraunié et al., 2016), glacier-fed rivers offer significant potential to 
inform mechanistic predictions in other river systems that will be modified by 
environmental change. 
 
 31  
 
 
Chapter Three: Declining glacier cover threatens the 
biodiversity of alpine river diatom assemblages 
 
3.1 Introduction 
Pervasive and accelerated glacier retreat in alpine regions worldwide is predicted to 
intensify throughout the twenty-first century (IPCC, 2013). This diminishing ice cover 
will ultimately reduce the contribution of ice melt to rivers, subsequently increasing the 
relative contributions of snow melt, groundwater streams and precipitation (Brown et 
al., 2003; Milner et al., 2017; Huss and Hock, 2018). Alteration to meltwater sourcing 
will physically modify channel geomorphology as diurnal and seasonal ice melt 
discharge peaks are attenuated, reducing erosion and reworking of proglacial 
sediments (Carrivick and Heckmann, 2017). Each water source also generates discrete 
physicochemical conditions, forming the habitat template upon aquatic communities 
and acting as an environmental filter to taxa which do not possess the morphological 
and behavioural trait combinations required to survive (Brown et al., 2018). 
Spatiotemporal mixing of water sources creates further diversity of habitat conditions 
within alpine rivers. Whilst there has been a major research focus upon the impact of 
glacier retreat on macroinvertebrate communities, far less is understood of how other 
aquatic groups will respond (Fell et al., 2017). 
 
The sensitivity of freshwater benthic diatoms to environmental change has led to their 
use as a representative indicator taxa in the assessment of water quality globally 
(Wang et al., 2014; Lobo et al., 2016). Diatom assemblages possess a diverse 
spectrum of ecological optima and tolerances and they reassemble in response to 
alterations in physicochemical environment, which underpins their use in assessment 
of the condition of freshwater ecosystems required by the European Water Framework 
Directive (Kelly et al., 2008; Lobo et al., 2016). However, there remains a clear need for 
knowledge of diatom assemblage responses to natural and indirect anthropogenic 
change, such as glacier retreat. 
 
Benthic diatoms, alongside additional biofilm components including cyanobacteria and 
other algae, play a major role in primary production within alpine rivers (Rott et al., 
2006; Battin et al., 2016). This autochthonous input is critical to these above treeline 
systems which receive minimal energy subsidy from the riparian zone (Zah and 
Uehlinger, 2001). Alpine rivers, particularly springs, have been identified as potential 
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hotspots of benthic diatom biodiversity, hosting rare and threatened taxa, often in high 
abundance (Rott et al., 2006; Cantonati et al., 2012). Hannaea arcus and the genera 
Achnanthidium, Fragilaria and Odontidium are consistently the most abundant taxa 
within diatom assemblages across the European Alps, Himalaya and Rocky Mountains, 
with new species belonging to the latter recently identified in mountain streams (Hieber 
et al., 2001; Gesierich and Rott, 2012; Nautiyal et al., 2015; Jüttner et al., 2015, 2017). 
However, a more complete consideration of benthic diatoms is needed to inform 
understanding of alpine river biodiversity responses to glacier retreat, given their role 
as a principal food source for invertebrate primary consumers in glacier‐fed rivers 
(Clitherow et al., 2013). 
 
Previous research investigating river diatom assemblages within mountain catchments 
has considered glacial influence with regard to distance from ice margins (Nautiyal et 
al., 2015) and water source origins (Hieber et al., 2001). However, holistic predictions 
of aquatic community response to future glacier retreat require approaches that identify 
alterations to alpine freshwater biodiversity along a quantified spectrum of glacial 
influence (Brown et al., 2007a). While such chronosequence approaches have been 
used recently to determine the response of macroinvertebrate, algae (excluding 
diatoms) and microbial prokaryote communities to deglaciation (Rott et al., 2006; 
Brown et al., 2007a; Ren et al., 2017a), they are yet to be applied to benthic diatom 
assemblages. The efficacy of alpine freshwater conservation strategy is critically 
dependent upon understanding these responses, particularly for taxa that are 
vulnerable to extirpation due to limited motility and dispersal capacity (Liu et al., 2013). 
 
This study examined diatom assemblage structure and the abundance of individual 
species in rivers draining the eastern European Alps. Although proglacial regions of the 
Alps host high aquatic alpine biodiversity, glaciers are in long‐term retreat, with 
approximately two‐thirds of total glacier volume lost since 1850 (Zemp et al., 2006), 
and a further 4 to 18 % reduction of the 2003 ice area predicted by 2100 (Huss, 2012). 
This study adopted a chronosequence approach, sampling river sites in watersheds 
hosting different percentages of permanent ice cover, to provide a gradient of 
catchment glacier cover and in turn, a proxy for the stages of glacier retreat. This study 
aimed to (a) quantify the biodiversity of diatom assemblages present in alpine rivers 
along the catchment glacier cover gradient, (b) determine taxon-level responses to 
glacier cover and (c) investigate the environmental drivers underpinning glacier 
influence upon alpine river benthic diatoms. This research design facilitated novel 
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investigation of diatom assemblage response to decreases in glacier cover within the 
European Alps. 
 
3.2 Materials and methods 
3.2.1 Study area  
Field observations were made in the central Austrian Alps during June and July of 2015 
and 2016 (Figure 3.1; Appendix 1). Variability of glacier coverage within a small 
geographical region provided a broad spectrum of glacier cover whilst minimising large‐
scale differences due to climate or other catchment characteristics (Robson et al., 
2016). Thirteen river sites spanning a gradient of catchment glacier cover (0 to 64 % 
permanent ice cover) were identified throughout the Eisboden, Obersulzbach and 
Rotmoos valleys (Table 3.1). Sites were selected with minimal direct anthropogenic 
influence and where sampling was possible at locations above the treeline. Sites 
included streams predominantly fed by glacial meltwaters (> 50 % catchment glacier 
cover) (O1, R1), mixed streams draining melt, springs and aquifer upwelling (25 to 50 
% catchment glacier cover) (E2, E3, O3, R2, R3, R4, U1) and those sourced 
predominantly (1 to 25 % catchment glacier cover) (E1, U2) and entirely by 
groundwater flow (0 % catchment glacier cover) (E4, O2), to represent varying glacier 






















Figure 3.1 Schematic diagrams illustrating the position of sampling sites within multiple 
glacierised valleys of the Austrian Alps. WGS 1984 World Mercator projection. Diagrams are 
derived from the ArcMap™ World Imagery Basemap (Land Salzburg 07/11/15 and Land Tyrol 
08/03/15) with glacier outlines sourced from the Glaciology Commission (2015). Source credits: 
Esri, DigitalGlobe, GeoEye, i‐cubed, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, 
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Table 3.1 Sampling site information.  
 
 
Permanent ice cover of discrete catchments pertaining to individual river sampling sites 
was determined using the watershed analysis function of ArcMap™ 10.4. Flow 
direction and accumulation models were applied to a filled 10 m ASTER Digital 
Elevation Model (DEM) (GitHub, 2016), to determine downslope water flow direction 
based upon local topography. Automated watershed delineation followed river network 
boundaries and were then checked manually using high‐resolution aerial photography, 
to avoid error induced by DEM resolution and to achieve the most accurate 
representation of local geomorphology. Regional ice extents (Glaciology 
Commission, 2015) were constrained to watershed boundaries to calculate the 
percentage of catchment area covered by ice (Table 3.1). 
 
3.2.2 Field sampling  
Water temperature, electrical conductivity (EC) and pH were measured in-situ at each 
site using Hanna Instruments (Woonsocket, RI, USA) H19063, HI9033 and HI98130 
meters, respectively. Pfankuch Index bottom component estimates were collected 
(Pfankuch, 1975) as a proxy for channel geomorphological stability, with lower values 
representing more stable riverbeds. Reciprocal values (1/Pfankuch Index scores) were 
used in statistical analyses so that larger values represented higher stability. River 
water (100 mL) was collected for ex‐situ optical turbidity analysis using a Hanna 
Instrument HI93703 meter and then filtered (0.2 µm mesh) for nutrient analysis. This 
included the detection of dissolved organic carbon (DOC) using an Analytik Jena Multi 
N/C 2100 elemental thermal oxidation analyser, whereas phosphate (PO43-), nitrate 
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(NO3-) and total nitrogen (TN) concentrations were analysed using a Two Skalar San 
++ Continuous flow auto‐analyser. 
 
Benthic biofilms were sampled following the CEN (2014) protocol. At each site, five 
submerged cobbles were selected randomly from riffles to represent a diversity of river 
site microhabitats. For sites O2 and O3, only three and four replicates were available 
respectively, due to sample damage during transportation (total n = 62 replicates). 
Benthic algae were scrubbed from a 9 cm2 area of the upper surface of each cobble, 
using a plastic template and sterile toothbrush. Cobbles potentially exposed during 
prolonged periods of low flow were avoided. Samples were preserved within 70 % 
methylated spirits and stored at 4 °C prior to analysis. 
 
3.2.3 Laboratory analysis 
To prepare samples for microscopic analysis, organic material was removed to enable 
the unobstructed observation of diatom valves (CEN, 2014). The hot hydrogen 
peroxide (H2O2) method (CEN, 2014) was used to reduce reaction times between 
H2O2 and organic matter. Samples were homogenised and 20 mL of 30 % H2O2 added 
to a 5 mL subsample, which was heated in a water bath at 90 °C (± 5° C) for 3 hr. The 
remaining H2O2 was neutralised with 50 % hydrochloric acid (HCL) and subsamples 
suspended within distilled water and centrifuged at 1,200 rpm for 4 min, four times. The 
remaining 5 mL pellet was diluted by adding 5 to 20 mL of distilled water, depending 
upon diatom concentration. The solutions were then homogenised with a vortex mixer 
(Stuart SA8) and 0.5 mL pipetted onto the centre of a 19 mm circular coverslip, which 
had been cleaned with ethanol. Coverslips were covered and air dried overnight. They 
were mounted using Naphrax®, as its high refractive index (> 1.6) facilitated the clear 
examination of diatoms (CEN, 2014). The initial volume of each biofilm cobble sample 
and any dilutions was recorded and accounted for in subsequent volumetric 
calculations. 
 
Diatom valves were counted and identified using light microscopy (Leica DM 2000), at 
× 1,000 magnification (N Plan lens, 100 ×/1.25 oil PH3) in brightfield view. A minimum 
of 500 complete, individual diatom valves were identified to the highest resolution 
possible, to reflect the species composition of each replicate. For replicates with fewer 
than 500, all valves were counted. A single researcher performed all microscopy to 
prevent inter‐analyst variance (Culverhouse et al., 2014). Identification followed Kelly 
(2000), Krammer and Lange‐Bertalot (2004, 2007a, 2007b, 2008), and Spaulding 
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(2018), with taxonomic nomenclature following Lange‐Bertalot et al. (2017). 
Characterisation of variation within the Achnanthidium minutissimum complex followed 
Potapova and Hamilton (2007). 
 
To determine estimates of absolute diatom abundance, or valve density, the number of 
valves counted within coverslip transects was used to estimate the total number 
present upon the whole coverslip (0.5 mL) and then multiplied to m-2 based on sample 
volume and rock area sampled (Scott et al., 2014). These extrapolations were 
averaged across rock scrub replicates for each river site, with mean valves m-2 
underpinning all diatom abundance analysis. As a minimum, half of each coverslip was 
screened, with transects encompassing both the coverslip centre and edges. Repeat 
counts of 20 % of all replicates identified an average estimated absolute abundance 
error of ± 3 %. This approach was adopted in preference to microsphere analysis given 
the significant and unpredictable variability of diatom concentrations between replicates 
hindering estimates of suitable microsphere to diatom ratios (Battarbee and 
Kneen, 1982). 
 
3.2.4 Data analysis 
The diatom species × abundance matrix was used to calculate summary metrics 
describing biodiversity at each river sampling site: (a) taxonomic richness (b) density of 
valves m-2, (c) Pielou's evenness (Oksanen, 2019), (d) Shannon diversity index 
(Oksanen, 2019) and (e) taxonomic richness of taxa classified on the Red List of Algae 
for Germany (Lange‐Bertalot and Steindorf, 1996). The Red List was collated to identify 
taxa of algal conservation priority, and despite development from research solely within 
German freshwaters, it was applied within this study given the absence of comparable 
data sets for Austrian rivers and the geographical proximity of their alpine regions. 
Changes to taxonomic nomenclature since Red List publication were identified 
following Guiry (2018). As the diatom assemblages hosted many taxa only identified at 
single sites in low abundance, Shannon diversity index was adopted as it does not 
weight common species over rare ones (Morris et al., 2014). Relationships between 
these indices and glacier cover were tested using generalised linear models (GLM) or 
generalised additive models (GAM) for data showing pronounced non-linear 
relationships, with the latter constructed using the mgcv package in R (Wood, 2011). 
Akaike information criterion values were used to determine best fit, with Negative 
binomial and Gaussian distributions specified. Smoothing parameters for GAM were 
selected following the procedures outlined by Wood (2004). Model performance was 
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evaluated using the percentage of deviance explained. GAMs and GLMs were also 
used to determine the relationship between catchment glacier cover and site‐specific 
environmental parameters (mean water temperature, EC, turbidity, pH, 1/Pfankuch 
Index scores, nutrient concentrations). 
 
Within‐site β‐diversity was calculated from the abundance of diatom valves identified in 
the replicate biofilm cobble scrub samples collected from individual river sites. 
Components of β-diversity (total dissimilarity (Sørensen), turnover (Simpson) and 
nestedness (Nestedness) were calculated for each river site using the betapart 
package of R (Baselga et al., 2017) and GLM used to describe the relationship 
between average beta component values and catchment glacier cover per site. 
Between‐site β‐diversity was determined by amalgamating average diatom valve 
abundances from replicates to determine a singular valve abundance value for each 
river site. Sørensen, Simpson and Nestedness indices were calculated for the species 
× abundance matrix. These components were related to pairwise differences (Bray-
Curtis dissimilarity index) in catchment glacier cover between all river sites. Mantel 
tests (vegan R package) were used to determine the significance of correlation 
between these dissimilarity matrices. 
 
Ordination analysis was performed to investigate diatom assemblage composition and 
taxon-level responses along the gradient of glacier cover. Prior to analysis, the 
estimated average abundance (valves m-2) of identified diatom taxa at each site was 
log10 (× + 1) transformed to constrain the influence of disparate records upon outcomes 
for data containing zero values (Khamis et al., 2014b). Non-metric multidimensional 
scaling (NMDS) was applied to a Bray-Curtis dissimilarity matrix using the vegan 
package of R (Oksanen et al., 2017). Significantly correlated (p < 0.05) scaled 
(mean = 0, SD = 1) physicochemical and nutrient vectors were fitted to the resulting 
configuration using the envfit procedure. Both NMDS axis scores were correlated to 
site‐specific taxon abundances using Spearman's rank correlation. 
 
3.3 Results 
3.3.1 Environmental parameters 
Pfankuch Index scores (i.e. decreasing channel stability) and NO3- concentrations 
increased significantly with glacier cover (Figure 3.2; Table 3.2). No other 
environmental parameters showed significant relationships with catchment glacier 
cover (Figure 3.2). However, water temperature data collected over longer time periods 
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from nine study sites showed a negative relationship with glacier cover (Appendix 2) 
and thus co-varied with channel stability. The range and maximum concentrations of 
DOC (0.3 to 3.8 mg L-1), PO43- (0.001 to 0.003 mg L-1), NO3- (0.132 to 0.399 mg L-1) and 
TN (0.066 to 0.311 mg L-1) were low at all sites. There were no significant correlations 
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Table 3.2 GLM, GAM and Mantel summary statistics for the effect of glacier cover on physical, 
chemical and biological parameters.  
 
3.3.2 Diatom assemblages and taxon biodiversity  
Diatom taxonomic richness, overall density and Shannon diversity index increased 
significantly as glacier cover decreased, with taxonomic richness and Shannon 
diversity showing pronounced thresholds of change at approximately 28 % catchment 
glacier cover (Figure 3.2). In total 85 taxa from 29 genera were identified, with 
taxonomic richness at individual sites ranging from 1 to 47 taxa and being greatest at 
lower glacier cover (≤ 28 % cover, 32 to 47 taxa). Above 28 % glacier cover, richness 
did not exceed 29 taxa. Estimated average abundance spanned four orders of 
magnitude, from 15,111 valves m-2 (64 % cover), to 3.20 × 108 valves m-2 (0 % cover). 
The taxonomic richness of Red List taxa increased significantly with reducing glacier 
cover (Figure 3.2). Pielou's species evenness did not illustrate any significant trend 
across the gradient (Figure 3.2). Despite the absence of relationships between 
catchment glacier cover and both total dissimilarity (Sørensen) and turnover (Simpson) 
Dependent variable Method (Distribution) χ2/ F p-value Deviance 
explained (%)/ R2 
Physical parameters 
Area (km2) GLM (Gaussian) 0.33 0.91 50.0 
Altitude (m) GLM (Gaussian) 0.86 0.62 72.2 
Water temperature (°C) GLM (Gaussian) 0.55 0.59 9.9 
Turbidity (NTU) GLM (Gaussian) 0.86 0.45 14.8 
1/Pfankuch GAM (Gaussian) 6.98 < 0.001 58.2 
Chemical parameters 
DOC (mg L-1) GLM (Gaussian) 0.97 0.36 12.2 
NO3
-
 (mg L-1) GLM (Gaussian) 14.45 0.006 67.4 
TN (mg L-1) GLM (Gaussian) 0.82 0.39 6.9 
PO43-  (mg L-1) GLM (Gaussian) 0.12 0.73 0.01 
EC (mg L-1) GAM (Negative binomial) 6.07 0.05 9.24 
pH GAM (Negative binomial) 0.13 0.94 16.9 
Biological parameters 
Taxonomic richness GAM (Negative binomial) 23.71 < 0.001 43.5 
Density (valves m-2) GAM (Negative binomial) 481.50 < 0.001 33.5 
Shannon diversity index GAM (Gaussian) 13.77 < 0.001 73.4 
Pielou’s evenness GLM (Gaussian) 4.23 0.066 22.7 
Red List richness GAM (Negative binomial) 12.59 0.002 44.6 
      Within-site β-diversity 
Sørensen GAM (Gaussian) 4.23 0.046 45.8 
Simpson GAM (Gaussian) 4.11 0.049 45.1 
Nestedness GLM (Gaussian) 0.56 0.472 4.8 
Between-site β-diversity     
Sørensen Mantel  0.062 0.22 
Simpson Mantel  0.997 -0.37 
Nestedness Mantel  0.009 0.36 
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components of between‐site β‐diversity, nestedness (Nestedness) was reduced 
significantly by ice loss (Figure 3.3). In contrast, nestedness (Nestedness) was the only 
component of within‐site β‐diversity to display no significant correlation with reductions 
in ice cover. Whilst total dissimilarity (Sørensen) decreased, turnover (Simpson) 
























Figure 3.3 Relationships between catchment glacier cover and both within‐site β‐diversity, (a to 
c), and between-site β‐diversity, (d to f). Components of β‐diversity include total dissimilarity 
(Sørensen), turnover (Simpson) and nestedness (Nestedness). Within‐site components are 
calculated from average Sørensen, Simpson and Nestedness values from dissimilarity matrices 
computed for the replicate biofilm samples collected at each river site. Between‐site 
components are related to pairwise differences in glacier cover. For (b) and (c) n = 12 as site R1 
had a species richness of 1. Black lines represent GAM/GLM lines of best fit and 95 % 
confidence intervals. 
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The most abundant diatom species were those attributed to the A. minutissimum 
complex which represented 63.8 % of identified valves and were found at all sites. 
Other frequent (≥ 10 sites) taxa included Encyonema ventricosum (11 
sites), Psammothidium helveticum and Encyonema minutum (10 sites), generalists 
which were present at ten or more (77 %) sites. Many taxa occurred at just one (29 
taxa) or two (10 taxa) sites, with 74 taxa (87 % of taxa) contributing less than 1 % to 
the estimated total abundance of sampled species. Caloneis lancettula and Eunotia 
trinacria were found exclusively at sites ≥ 52 % glacier cover whilst Chamaepinnularia 
mediocris, Cymbella parva, Gomphonema angustatum, Gomphonema calcareum, 
Meridion circulare, Reimeria sinuata f. antiqua and Stauroneis agrestis were found only 
within groundwater‐fed streams (0 % glacier cover). 
 
Of the 85 taxa identified, nineteen (22 %) were noted on the Red List of Algae for 
Germany as threatened, endangered, decreasing or rare. Navicula detenta, classified 
as threatened with extinction, was found at only one site. Endangered species 
included Achnanthidium caledonicum (9 sites), Achnanthidium trinode (1 
site), Encyonema hebridicum (1 site), Encyonema neogracile (4 sites), Fragilariforma 
constricta (1 site), Staurosira construens (1 site), Rossithidium petersenii (5 sites) 
and Staurosirella lapponica (2 sites). Red List species were found in greatest 
abundance (representing 4.3 to 24.3 % of individuals) at river sites ≤ 26 % glacier 
cover (Figure 3.2), with A. caledonicum the most abundant, representing 6.1 % of 
identified individuals. Sites with more glacier cover had a lower number of these 
species (Figure 3.2) and of the six taxa found exclusively in river sites with > 28 % 
glacier cover, only two (F. constricta, S. construens) are currently noted on the Red 
List. 
 
A Shepard Plot (R2 = 0.99) for the NMDS ordination (stress = 0.023) indicated the 
accurate preservation of rank orders within the two‐dimensional display (Figure 3.4), 
ensuring that the resulting NMDS configuration represented the original distribution of 
data within the dissimilarity matrix as closely as possible. The NMDS Axis 1 was 
significantly (p < 0.05) correlated to the density of 23 diatom taxa (Table 3.3). The 
strongest positive correlations were between Axis 1 and A. minutissimum complex 
species (A. lineare, A. minutissimum, A. caledonicum, A. minutissimum var. 
cryptophala). No abundances correlated significantly to NMDS Axis 2. Fitting of 
significantly correlated environmental parameters illustrated the strong association of 
glacier cover (R2 = 0.55, p = 0.013) and 1/Pfankuch Index scores (R2 = 0.79, p = 0.001) 
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with Axis 1, whilst pH (R2 = 0.44, p = 0.039) and NO3- concentration 

































Figure 3.4 (a) NMDS ordination plots of river sites and significantly correlated site‐specific 
environmental vectors, (b) NMDS biplot of diatom taxa, (c), enlargement of (b) illustrating the 
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position of taxa for which there was a significant correlation between estimated absolute 
abundance and NMDS Axis 1. Abbreviated taxon names are defined in Table 3.3.  
Table 3.3 Significant (p < 0.05) Spearman’s rank correlations (rho) between valve abundance 
(log10 (×+1)) of alpine river diatom taxa and Axis 1 of the NMDS ordination plot (Figure 3.4). R2 
(adj.) values of GLM/GAM relationships between valve abundance (log10 (×+1)) and catchment 
glacier cover, 1/Pfankuch Index scores and NO3- (mg L-1) are also displayed. Taxa 
abbreviations correspond to Figure 3.4c. Relationships with a p-value < 0.001 are marked with a 
*. All Achnanthidium taxa belong to the Achnanthidium minutissimum complex.    
   





Achnanthidium minutissimum A. min 0.95 * 0.52 0.83 * 0.03 
Achnanthidium lineare A. lin 0.94 * 0.63 0.56 0.00 
Achnanthidium caledonicum A. cal 0.91 * 0.22 0.72 * 0.00 
Achnanthidium minutissimum var. 
cryptophala 
A. cry 0.91 * 0.27 0.76 * 0.00 
Adlafia suchlandtii A. suc 0.72 0.65 0.42 0.19 
Encyonema lange-bertalotii E. lb 0.71 0.54 0.41 0.03 
Encyonema minutum E. min 0.90 * 0.26 0.45 0.23 
Encyonema neogracile E. neo 0.65 0.30 0.64 0.00 
Envyonema silesiacum E. sil 0.87 * 0.32 0.90 * 0.00 
Encyonema ventricosm E. ven 0.90 * 0.36 0.46 0.00 
Eunotia exigua E. exi 0.54 0.61 0.33 0.00 
Eunotia mucophila E. muc 0.59 0.12 0.57 0.00 
Fragilaria capucina F. cap 0.63 0.10 0.65 0.00 
Fragilaria cf. gracilis F. gra 0.90 * 0.37 0.88 * 0.00 
Gomphonema exilissimum G. exi 0.66 0.16 0.43 0.10 
Navicula cryptotenella N. cry 0.56 0.42 0.35 0.01 
Nitzschia palea var. debilis N. deb 0.88 * 0.82 * 0.79 * 0.11 
Nitzschia soratensis N. sor 0.87 * 0.81 * 0.76 * 0.03 
Odontidium mesodon O. mes 0.79 0.52 0.39 0.14 
Psammothidium helveticum P. hel 0.88 * 0.32 0.72 * 0.00 
Reimeria sinuata R. sin 0.88 * 0.32 0.55 0.00 
Rossithidium petersenii R. pet 0.77 0.21 0.42 0.06 
Staurosirella pinnata S. pin 0.86 * 0.62 0.74 * 0.00 
 
3.4 Discussion 
This study provided new insights into the response of alpine river benthic diatom 
assemblages to decreasing catchment glacier cover. The impact of glacier retreat upon 
microalgae remains poorly quantified in comparison to other aquatic groups (Rott et 
al., 2006; Fell et al., 2017) but this study has contributed three original findings. First, 
alpine river benthic diatom biodiversity and individual taxon densities were influenced 
significantly by reducing catchment glacier cover. Second, reductions in glacier cover 
will increase α‐diversity but reduce β‐diversity, with many taxa potentially becoming 
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threatened or rare. Third, this research predicts some diatom taxa will be winners (i.e., 
expanded habitat availability) but others losers in response to glacier retreat, implying a 
need to reclassify the conservation status of many Austrian alpine river diatom taxa. 
 
3.4.1 Environmental parameters 
Pfankuch Index scores and NO3- concentrations were the only measured 
environmental parameters significantly influenced by catchment glacier cover, although 
longer‐term water temperature measurements collected outside of the sampling period 
suggest thermal drivers are also likely to be important (Appendix 2). This finding is 
reinforced by long‐standing ideas about water temperature and channel stability being 
key drivers of alpine river macroinvertebrate communities (Milner and Petts, 1994; 
Milner et al., 2001; Brown et al. 2007b; Cauvy‐Fraunié et al., 2015; Lencioni, 2018). 
The response of alpine benthic diatom assemblages to reducing catchment glacier 
cover may be driven by subsequent increases in channel geomorphological stability 
due to lower spatiotemporal discharge variability and riverbed movement (Biggs et 
al., 1998; Carrivick and Heckmann, 2017). Benthic diatom taxa can be resilient to high 
flow velocities, particularly those possessing streamlined forms, low motility and strong 
attachment to benthic substrates (Hieber et al., 2001); morphological traits expressed 
by Achnanthidium spp., H. arcus and Fragilaria spp. identified at many river sites. 
However, the shear stress, abrasion and scouring induced by sustained or repeated 
channel destabilisation resets diatom assemblage succession and restricts taxonomic 
richness and density (Wellnitz and Rader, 2003; Bona et al., 2012). A reduction in 
channel reconfiguration events linked to decreasing glacier cover may limit the 
abundance of generalist pioneer taxa whilst favouring species associated with later 
stages of succession (Biggs et al.,1998; Kelly et al., 2008). NO3- concentrations were 
significantly elevated at higher glacier cover, reflecting snowpack and subglacial 
sources and processing of nitrogen compounds (Wynn et al., 2007), but declined with 
glacier cover. Whilst there was no significant correlation between taxonomic richness 
or valve density and NO3- concentrations, elevated diatom densities at lower glacier 
cover sites with low NO3- concentrations might indicate more efficient uptake of 
nutrients into biofilms as glaciers are lost. 
 
In addition to glacier runoff, precipitation and snow melt induced peak flows can 
destabilise river channels. As such, the low outlying taxonomic richness and diatom 
density values for the Rotmoosache (Figure 3.2k, l; catchment glacier cover of 30, 38, 
41 and 64 %) may have been influenced by a high flow event (discharge approximately 
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three times the month's preflood mean) three days prior to sampling. This event would 
likely have contributed to sediment mobility and biofilm displacement, putting further 
constraints on diatom community composition alongside the effects of glacier runoff, 
prior to the attainment of peak flow. This finding suggested the influence of local 
weather conditions in combination with catchment-scale deglaciation patterns upon 
diatom assemblage structure (Hannah et al., 2007). 
 
3.4.2 Diatom assemblages and biodiversity 
Benthic diatom richness increased significantly with reducing catchment glacier cover. 
This finding is supported by previous studies based upon sampling distance from 
glacier margins in the Canadian Rockies (Gesierich and Rott, 2012) and comparison of 
alpine rivers fed by different water sources (glacier, snow melt, lake) in the Swiss Alps 
(Hieber et al., 2001; Robinson and Kawecka, 2005). In this study, high catchment 
glacier cover significantly constrained absolute abundance with total valve density at 
the most glacial site (~75 × 103 valves m-2) comparable to maximum densities identified 
adjacent to the Ödenwinkelkees terminus (~81 × 103 valves m-2) by Clitherow et al. 
(2013). Reductions in glacier cover were associated with significantly increased diatom 
taxonomic richness and density, particularly < 28 % glacier cover. Increases in algal 
biomass were noted below 11 % glacier cover in the Andes (Cauvy‐Fraunié et 
al., 2016) and Jacobsen et al. (2012) also identified the highest α‐diversity for 
macroinvertebrates to occur at low catchment glacier cover (5 to 30 %). Whilst the rate 
of increase in diatom taxonomic richness reduced below 3 % glacier cover in this study, 
the unimodal response observed for macroinvertebrates by Jacobsen et al. (2012) was 
not identified and complete deglaciation resulted in the highest diatom α‐diversity. 
 
Shannon diversity was reduced significantly following a peak at 28 % glacier cover, 
further indicating this threshold in diatom responses to ice loss. The harsh 
physicochemical conditions of sites with a high percentage of catchment glacier cover 
have been identified to reduce the diversity of macroinvertebrates (Brown et al., 2015), 
bacteria (Freimann et al., 2013), microbes (Wilhelm et al., 2013), nematodes and 
rotifers (Eisendle‐Flöckner et al., 2013) and other diatom assemblages (Thies et 
al., 2013). It is important to note that the percentage glacier cover of many catchments 
in the Austrian Alps has already declined below 28 % cover (Koboltschnig and 
Schöner, 2011) and changes in biodiversity of alpine river diatom assemblages may 
already have begun. 
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The unimodal response of within‐site β‐diversity (Simpson) to diminishing catchment 
glacier cover demonstrated increased turnover at mid‐levels of ice cover, suggesting 
elevated patchiness of diatom habitat conditions, potentially driven by the greater 
coexistence of grazing and competing species at these intermediate levels of 
physicochemical disturbance (Roxburgh et al., 2004; Khamis et al., 2016). Deglaciation 
and subsequent reductions in within‐site β‐diversity (total dissimilarity, turnover) may 
result from stronger biotic pressures upon diatoms (competition from other biofilm 
components, grazing, parasitism) within groundwater dominated flows (Khamis et 
al., 2016). This, coupled with reductions in the variability and magnitude of meltwater 
discharge pulses and more stable river beds at low glacier cover, will reduce the patchy 
occurrence of diatom taxa within riffle complexes, homogenising river habitats and 
limiting within‐site β‐diversity (turnover). 
 
Changes to between‐site β‐diversity were driven primarily by reductions in nestedness 
along the gradient of glacier cover, potentially due to the absence of vulnerable cold 
stenothermic species or presence of groundwater‐fed stream specialists assembling in 
rivers with lower glacier cover (Brown et al., 2007b). As diatom assemblages at sites 
with high catchment glacier cover appear to be comprised of taxa also found within 
other sampled river sites, future loss of glacier cover will further reduce β‐diversity both 
within and between sites. This response has also been identified for invertebrates 
(Jacobsen et al., 2012) and bacterial communities within alpine rivers, as alterations to 
water sourcing associated with declining glacier cover reduces habitat variability at a 
landscape-scale (Freimann et al., 2013; Wilhelm et al., 2013). Aquatic groups therefore 
appear to express uniformity of response to the homogenisation of river habitats 
induced by glacier retreat, suggesting they are responding in common to 
physicochemical drivers and/or having strong inter‐linkages via food webs. 
 
The rivers sampled in this study were characterised by a small number of highly 
abundant generalist diatom species found at many sites, and a larger number of 
specialist species occurring exclusively at a few sites, often in low densities. The most 
abundant generalist taxa were those representing the A. minutissimum complex, which 
are noted for their cosmopolitan distribution along water temperature, nutrient and pH 
gradients, within alpine and temperate river systems globally (Potapova and 
Hamilton, 2007; Kelly et al., 2008). Previous research has documented the high 
abundance of oligotrophic, cold-adapted Achnanthidium spp., Odontidium 
mesodon and H. arcus within catchments in the Alps (Gesierich and Rott, 2004), 
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Himalaya (Cantonati et al., 2001) and Rocky Mountains (Gesierich and Rott, 2012). Of 
these, Achnanthidium spp. (particularly A. minutissimum) had a low score on Axis 1 of 
the NMDS ordination suggesting that these were primary colonisers in situations where 
channel stability was low. By contrast, species with high scores on Axis 1 (i.e. higher 
channel stability) tended to display a wider range of growth forms including chain‐
formers (e.g., O. mesodon, Staurosirella pinnata) and motile species (Nitzschia 
soratensis) that, taken together, suggest more mature biofilms subject to less 
disturbance and increased competition (Biggs et al., 1998). 
 
Two species (C. lancettula, E. trinacria) were identified exclusively at river sites ≥ 52 % 
glacier cover. Although these taxa are not documented as cold stenothermic species 
and display a diversity of habitat preferences in non‐alpine catchments, their low 
motility may drive geographical and genetic isolation within fragmented deglaciating 
watersheds, despite their tolerance of local habitat conditions (Liu et al., 2013; Dong et 
al., 2016; Lange‐Bertalot et al., 2017). Nineteen taxa were defined on the Red List as 
threatened, endangered, decreasing or rare (Lange‐Bertalot and Steindorf, 1996). 
Achnanthidium caledonicum, listed as endangered, was identified in relatively high 
abundance at nine sites, suggesting that Austrian alpine rivers may act as a refuge for 
this species. Previous attention has been drawn to the regional importance of alpine 
springs as habitats of high freshwater diversity (Cantonati et al., 2012), but the 
occurrence of A. caledonicum at sites influenced by variable catchment glacier cover 
highlights the requirement to conserve a diversity of alpine rivers to protect rare benthic 
diatom taxa. 
 
In contrast to threatened taxa, glacier retreat could promote habitat expansion for some 
species, as reduced meltwater inputs lead to greater groundwater contributions in 
upstream reaches, opening up possibilities for range expansion of taxa which are 
specialised to river sites with no glacier cover, following a trend identified for 
macroinvertebrates (Brown et al., 2007b; Cauvy‐Fraunié et al., 2015). For example, 
seven of the sampled diatom taxa may benefit from deglaciation and have previously 
been recorded in alpine rivers (e.g., S. agrestis), springs (e.g., M. circulare) (Falasco 
and Bona, 2011) and acidic wetland (e.g., C. mediocris, G. calcareum) (Buczkó and 
Wojtal, 2005), disconnected from glacier cover. Deglaciation could be particularly 
beneficial for populations of C. mediocris and G. calcareum which are currently noted 
on the Red List of Algae for Germany as having decreasing populations (Lange‐
Bertalot and Steindorf, 1996). Whilst maintenance of glacier cover required by some 
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diatom taxa will not be possible, other threatened taxa could clearly benefit from the 
expansion of their low glacial habitats. Alpine freshwater conservation strategies 
therefore need to prevent additional environmental pressures, including those imposed 
by water abstraction, hydroelectric power facilities, nutrient pollution and tourist 
infrastructure, which can impact upon both benthic diatoms and the wider aquatic biota 
in a variety of alpine river types (Khamis et al., 2014a). 
 
Despite broad geographical use of the Red List for identifying the conservation status 
of river diatoms (Cantonati et al., 2001; Gesierich and Rott, 2004, 2012), application 
beyond its German reference sites may constrain accurate identification of localised 
variance in diatom abundances or characterisation of endemic taxa (Falasco and 
Bona, 2011). Whilst not all sampled species were covered by the list, which has not 
been revised since 1996, it remains the most complete reference of potentially 
imperilled diatom taxa (Falasco and Bona, 2011). However, this study suggested a 
need for reclassification of current Red List conservation status for the six taxa found 
exclusively ≥ 28 % glacier cover, if they are not identified in other types of river 
environment. Sustained deglaciation will alter the distribution and persistence of the 
habitats upon which they depend (Brown et al., 2007a; Fell et al., 2017). Status 
changes may also be required for the 23 species whose abundance significantly 
correlated to NMDS Axis 1 (Figure 3.4) and in turn, to the aligned environmental 
vectors of catchment glacier cover and channel stability. 
 
3.4.3 Wider implications of the diatom assemblage response 
Overall this study has demonstrated the sensitivity of alpine benthic diatom biodiversity 
to reducing catchment glacier cover, a scenario predicted to continue across Austria 
and the wider European Alps throughout the twenty-first century (Zemp et al., 2006; 
IPCC, 2013). An important implication of this research is that alteration to diatom 
assemblage structure could have cascading impacts for higher trophic levels 
(Woodward, 2009; Clitherow et al., 2013), given their role in providing energy to alpine 
river food webs (Rott et al., 2006) as principal primary producers and the predominant 
dietary component of cold‐adapted macroinvertebrates (Clitherow et al., 2013). Greater 
numbers of studies adopting gut contents analysis for alpine macroinvertebrates are 
needed to determine the extent to which grazing consumers are selective feeders and 
the potential implications of glacier retreat and environmental warming upon capture 
mechanisms and feeding behaviours (Gordon et al., 2018). 
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The ablation rates of individual glaciers are influenced by interacting controls including 
catchment geomorphology and altitude, basal motion dynamics and local weather 
conditions, leading to spatiotemporally variable and often non-linear retreat sequences 
and runoff patterns within glacierised valleys and across alpine regions (Zemp et 
al., 2006; Huss, 2012; Robson et al., 2016). Whilst a catchment glacier cover 
chronosequence cannot fully capture this complexity, this research demonstrated that 
the approach provided a rapid, remote and effective means of quantifying glacier 
retreat impacts on diatom communities in addition to other biotic components of river 
ecosystems (Rott et al., 2006; Brown et al., 2007a; Cauvy‐Fraunié et al., 2015, 2016; 
Ren et al., 2017a). Further research is now required in other alpine regions to 
determine whether the identified response of benthic diatom assemblages to a 
shrinking cryosphere can be generalised to glacier‐fed rivers globally, as evidenced 
recently for macroinvertebrates (Brown et al., 2018). 
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Chapter Four: Decreasing glacier cover reveals 
predictable successional changes in the structure and 
allometry of river food webs 
 
4.1 Introduction 
Many glacierised mountain regions are characterised by rapid and accelerating ice loss 
(Huss et al., 2017; Beniston et al., 2018). This is altering the flow rate of meltwater 
inputs to proglacial rivers and subsequently modifying their thermal regime, 
geomorphic stability and physicochemistry (Milner et al., 2009; Bliss et al., 2014; Huss 
and Hock, 2018). With many of the world’s rivers originating from alpine headwaters, 
changes to the trophic organisation of food webs will potentially influence aquatic 
community structure and ecosystem functioning far downstream (Milner et al., 2017). 
Understanding biotic responses to these changes is critical to inform conservation 
strategies to limit impacts upon freshwater species and the ecosystem services which 
they support (Tank et al., 2010; Milner et al., 2017).  
 
Food webs act as the architecture connecting species and underpinning their provision 
of ecosystem functions (Woodward, 2009). Connectance, trophic and trivariate food 
web properties describe the structure, trophic interactions and energy transfer 
efficiencies which influence network sensitivity to natural and anthropogenically driven 
disturbance gradients (Dunne et al., 2002a; Bersier et al., 2002; Cohen et al., 2009; 
Woodward et al., 2012). Food web structural and allometric (size-based) change along 
environmental chronosequences can provide insight into temporal developments in 
community assembly and natural successional processes (Wardle et al., 1995), but this 
approach remains rare for freshwater systems (O’Gorman et al., 2012; Layer et al., 
2012). Widespread glacier shrinkage initiates primary succession of new aquatic 
habitats (Milner et al., 2011; Brown and Milner, 2012), providing opportunities to 
enhance understanding of whole food web assembly. Individual species and 
community responses to glacier retreat have been studied in some detail (Fell et al., 
2017), but the emergent and dynamic properties of ecological networks potentially 
prevent ecosystem-scale characteristics from being extrapolated from these lower 
levels of organisation (Woodward, 2009; Woodward et al., 2010a).   
 
Current understanding of individual species feeding linkages in glacierised river 
systems remains limited because most previous research has constructed food webs 
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using stable isotope approaches (SIA), which are characterised by coarse taxonomic 
resolution and lack quantification of food web architecture and size structure 
(Woodward et al., 2005). However, SIA studies suggested these food webs to be 
dominated by macroinvertebrate-algal feeding relationships with consumers employing 
opportunistic, flexible and omnivorous feeding strategies to capitalise upon limited 
autochthonous resource supply, particularly as glacier-fed rivers above the treeline 
receive minimal riparian energy subsidy (Zah et al., 2001; Füreder et al., 2003; Fellman 
et al., 2015; Perić et al., 2015). Direct observation of feeding relationships through gut 
contents analysis (GCA) can determine interactions between individual species 
(nodes), which critically influence food web stability, energy flux and response to 
environmental perturbation (Dunne et al., 2002b; Brown et al., 2011; Lu et al., 2016; 
Rosi-Marshall et al., 2016). In glacierised alpine catchments, GCA has been used only 
to determine predation relationships (Perla grandis, Diamesinae, Orthocladiinae) 
(Khamis et al., 2015; Niedrist and Füreder, 2018) and community feeding linkages for 
one stream with high glacier influence (Clitherow et al., 2013). GCA food webs are 
required urgently along a gradient from highly-glacial to non-glacial alpine rivers to 
quantify how whole river ecosystems will respond to future glacier recession.   
 
Food web dynamics studied in other river systems can offer insight into the potential 
effects of physicochemical and geomorphic alterations imposed by glacier retreat. For 
example, research spanning geothermal streams in a cold, sub-arctic environment 
highlighted that increasing water temperature reduced network complexity, stability and 
connectance, with node biomass alterations dependent upon the thermal tolerance of 
taxonomic groups (Woodward et al., 2010b; O’Gorman et al., 2012). River channel 
stability, which increases as glacier influence declines, has been identified to increase 
predator density, basal and primary consumer biomass and linkage density, with mean 
chain lengths found to both increase in Arctic rivers (Parker and Huryn, 2006) yet 
remain invariant in temperate streams (Townsend et al., 1998). In contrast, greater flow 
intermittency, which is predicted to accompany rapid ice loss in many alpine 
catchments (Robinson et al., 2016), can temporarily reduce temperate river node 
abundance, biomass, linkage density (Woodward et al., 2012) and mean chain length 
(Sabo et al., 2010). It can be expected that river food webs will be influenced 
concurrently by both the magnitude of reach-scale physicochemical alteration and 
seasonal variability in discharge volume imposed by glacier retreat. Food webs may 
undergo overall increases in mean chain length and taxon biomass, as glaciers retreat.    
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Nine new river food webs derived from GCA along a chronosequence of catchment 
glacier cover in the central Austrian Alps are presented. While previous research has 
considered the influence of single components of climate change (e.g., increased water 
temperature, O’Gorman et al., 2012) upon freshwater webs, this study was designed to 
capture responses to deglaciation and multiple associated river physicochemical 
characteristics. This research aimed to test the following hypotheses: (H1) connectance 
and trophic food web descriptors, including numbers of nodes, links and chains, will 
increase with reducing catchment glacier cover, as ice loss increases species 
abundance and biomass; (H2) alpine river food webs will be characterised by high 
directed connectance and short mean food chains lengths, as previously identified for 
glacier-fed streams, and (H3) for trivariate networks, mass- (M) abundance (N) 
regression slopes will remain consistent across food webs, despite reducing catchment 
glacier cover, as metabolic theory predicts their invariance to environmental 
disturbance (Brown et al., 2004). Connectance and size structure components were 
considered together to investigate both food web resolution and quantification 
(Woodward et al., 2005). This study presented the first description of alpine river food 
web structure and allometric responses to a quantified gradient representative of 
glacier retreat and in turn, provided novel evidence of whole aquatic food web 
assembly along a natural successional gradient.   
 
4.2 Methods and materials 
4.2.1 Study area and site selection 
Field observations were made at nine river sites across the Hohe Tauern region of the 
central Austrian Alps, in June and July of 2015 and 2016. This area is characterised by 
catchments with variable areas of permanent ice cover which share comparable 
altitude, meteorology and geology (Robson et al., 2016). River sites were positioned 
across the Eisboden, Obersulzbach and Rotmoos valleys to represent a gradient of 0 
to 64 % catchment glacier cover (Appendix 1). To obtain this range of glacier cover, 
samples were obtained from rivers with a variety of water sources, including channels 
draining glacier ice, their tributaries, groundwater sourced streams and mixed rivers 
which were fed by meltwater, aquifer upwelling and spring inputs. Sampling was 
conducted in riffle complexes as they are a prevalent mesohabitat of glacier-fed 
mountain rivers and have previously been identified to host greater aquatic invertebrate 
abundance and richness than pools (Brown and Brussock, 1991).   
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The catchment glacier cover pertaining to individual river sites was identified remotely 
using the watershed analysis function of ESRI ArcMap™10.4. To identify river network 
drainage patterns and automate catchment boundary delineation, flow direction and 
accumulation models were run upon a filled 10 m ASTER Digital Elevation Model 
(GitHub, 2016). Boundaries were then checked and refined manually against high-
resolution aerial photography. The percentage area of each catchment permanently 
covered by glacier ice was determined by matching existing maps of glacier outlines 
(Glaciology Commission, 2015) to sample site watershed boundaries. Initially, ice cover 
was determined for sites positioned randomly along rivers of each catchment, with 
those representing the broadest available range of catchment glacier cover selected, 
provided aerial photography indicated site accessibility. Positioning of sites in river 
channels at varying distances from individual glacier margins was avoided where 
possible to limit pseudoreplication.     
 
4.2.2 Field sampling 
At each site, macroinvertebrates were sampled with five replicate Surber samples (0.1 
m2, 250 μm mesh net) collected randomly from riffles. Further material was obtained for 
GCA from bulk samples hand-picked from benthic sediments. To sample biofilms, a 
standardised area (9 cm2) of the upper surface of five randomly selected large, fully 
submerged cobbles were scrubbed with a sterile toothbrush (CEN, 2014). Biofilm 
samples from site E5 were unavailable due to damage during transport. All biological 
samples were immediately preserved in 70 % methylated spirits and stored at 4 °C. At 
each site, water temperature, electrical conductivity and pH were measured with Hanna 
Instruments (Woonsocket, Rhode Island, USA; HI 9063, HI 9033, HI 98130). Pfankuch 
Index bottom components (Pfankuch, 1975) were estimated to characterise the stability 
of channel geomorphology, with reciprocals calculated (1/Pfankuch Index scores) so 
that lower scores represented less stable stream environments. River water (100 mL) 
was collected for the ex-situ analysis of optical turbidity and water chemistry. Turbidity 
was measured using a desktop turbidimeter (HACH 2100A) (Camlab, Cambridge, UK). 
Nutrient concentrations (phosphate (PO43-), nitrate (NO3-), total nitrogen (TN)) and 
dissolved organic carbon (DOC) were detected using an Analytik Jena Multi N/C 2100 
elemental thermal oxidation analyser and Two Skalar San ++ Continuous flow auto-
analyser.  
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4.2.3 Laboratory analysis 
Surber samples were passed through a standardised 250 μm mesh sieve, to remove 
inorganic material yet retain small river macroinvertebrates. Sieves were sonicated for 
10 min between sites to prevent cross-contamination. All macroinvertebrate individuals 
were counted and identified to the highest possible resolution following published keys 
(Appendix 3.1). Identification focused upon invertebrate and periphyton species 
because they provide the densest linkages in aquatic systems, dominate links in high 
alpine rivers which typically lack fish populations, and can be quantified 
microscopically.   
 
Identification of Chironomidae larvae and diatom taxa required digestion procedures to 
remove organic materials and enable clear observation of head capsule and valve 
structures. For Chironomidae larvae, individuals from Surber replicates were sorted to 
genus at x 25 magnification and subsampled according to their proportional 
contribution to the site community. A minimum of 50 individuals were selected per site 
unless fewer were present (Brown et al., 2016). Bulk samples were used to increase 
sample numbers for GCA where available. Individual head capsules were cleared in 10 
% potassium hydroxide (KOH) in a water bath (75 °C ± 5 °C) for 15 min and neutralised 
in 100 % acetic glacial acid for 5 min. Capsules were then dehydrated in 70 % 
methylated spirit and mounted ventrally in Euparal (Agar Scientific, Stansted, UK) 
(Brown et al., 2016). For diatom taxa, a homogenised 5 mL biofilm subsample was 
added to 20 mL of 30 % hydrogen peroxide (H2O2) in a water bath (90 °C ± 5 °C) for 3 
hours. Remaining H2O2 was neutralised using 50 % hydrochloric acid (HCL) and the 
pellet washed with deionised water by centrifuge at 1200 rpm for 4 min. The centrifuge 
process was repeated four times (CEN, 2014). Following final aspiration of the 
supernatant, the pellet was diluted by the addition of 5 mL to 20 mL of deionised water, 
dependent upon diatom concentration. A 0.5 mL subsample of the resulting suspension 
was pipetted onto a sterile coverslip, air dried and mounted in Naphrax® (Brunel 
Microscopes Ltd, Chippenham, UK). A minimum of 500 complete diatom valves were 
identified where available, to characterise the species composition of individual 
replicates. To determine diatom density in biofilm samples, the number of valves 
counted in coverslip transects was used to estimate the total number across the 
coverslip and multiplied to represent the standardised sample area (Fell et al., 2018). 
Diatom densities were averaged for each site prior to further analyses. Chironomid 
larvae head capsules and diatom valves were observed with high-power, oil immersion 
light microscopy (Leica DM 195 2000, N Plan lens 100x/1.25 oil PH3) (Leica, Milton 
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Keynes, England) at x 1000 magnification in brightfield view and identified following 
taxonomic keys (Appendix 3.1).  
 
Non-diatom biofilm components were identified and counted using a Mod-Fuchs 
Rosenthal Haemocytometer (8.S.748) (depth = 0.2mm) (Hawksley, Lancing, England) 
(Appendix 3.1). Five 25 µL homogenised subsamples were taken from individual 
biofilm replicates and all items in the cell counting chamber analysed (625 µL screened 
per site). The Haemocytometer was swabbed with ethanol between samples to prevent 
cross-contamination.  
 
To construct a food web for each of the nine sites, feeding relationships were observed 
directly using GCA of aquatic consumers. Prior to their dissection, the linear body 
length of individual invertebrate consumers was measured to the nearest 0.01 mm, 
using a low-powered microscope (Brunel Microscopes Ltd, Wiltshire, UK) and 
calibrated optical micrometer eye piece at x 25 magnification. Length equated to 
distance between the head anterior and final abdominal segment posterior (Smock, 
1980). Using superfine dissecting forceps, scalpels and pins, the foregut and lining 
were removed at x 25 magnification. The lining was subsequently discarded and the 
contents dispersed across a glass slide and secured with Euparal. Gut dissection was 
not possible for a limited number of very small juvenile Plecoptera, which were 
mounted whole. Coverslips were scanned at x 200 magnification and organic prey 
items identified to the lowest practical resolution given the constraints of partial 
digestion upon classification. GCA items were counted and their length, width and 
where possible depth measured to the nearest 0.001 mm using a calibrated eye piece 
graticule at x 1000 magnification. The head capsule width of ingested 
macroinvertebrate prey was measured, alongside the dimensions of fragmented 
invertebrate body components. Where ingested head capsules were identified, isolated 
body fragments were only treated as belonging to additional individuals if their 
abundance exceeded that attributable to the head capsule species. This approach 
assumed freshwater invertebrate prey to be consumed whole (Brose et al., 2006). For 
ingested diatoms, a subsample were measured, with the dimensions of approximately 
20 % of each species recorded at each site (or a minimum of 20 measurements per 
species, unless fewer were available) (CEN, 2015). Inorganic materials (e.g., rock 
fragments) were noted but not included in food web metric calculations.  
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GCA may underestimate the abundance of quickly digested materials or those too 
fragmented for identification. Furthermore, it cannot determine long-term dietary 
selections or the environmental origin of specific resources (Rosi-Marshall et al., 2016). 
However, unlike mapping of stable isotopes, direct observation of the gut contents can 
provide high-resolution taxonomic identification for prey items and describe 
connections between individual species (Michener and Lajtha, 2007; Rosi-Marshall et 
al., 2016). It also removes reliance upon naturally variable isotopic signatures which 
can be affected by fluctuations in flow velocity (Michener and Lajtha, 2007), a daily 
occurrence in many meltwater-fed alpine rivers (Beniston et al., 2018). 
 
Ash free dry mass (AFDM) was determined to provide a representation of the biomass 
of amorphous detritus at each river site. Following the sorting and identification of biota, 
Surber samples were drained of their 70 % methylated spirit preservative and replicate 
samples combined to represent single river sites. Samples were placed in pre-weighed 
ceramic dishes, oven dried for approximately 24 h at 105 °C and then stored in a 
desiccator until repeated measurements identified a constant weight (Steinman and 
Lamberti, 1996). Samples were ashed for 1 h in a furnace at 550 °C, then cooled and 
reweighed. Ash free dry mass (mg) was calculated by subtracting this final weight from 
that of the initial oven dried sample (Steinman and Lamberti, 1996).  
 
4.2.4 Data analysis 
Observed feeding linkages for each river site were combined into a food web matrix to 
show all direct connections between consumers and resources. To ensure links were 
represented as fully as possible, webs included all consumers for which at least five 
individuals were available (Ledger et al., 2013; Rosi-Marshall et al., 2016). Terrestrially 
sourced materials (e.g., pollen) and semi-aquatic taxa were defined as active 
resources and incorporated into food webs if identified in consumer gut contents. 
These invertebrate-centric webs focused primarily on the larval phase of insects and 
engulfing consumers, as prey items were not individually identifiable for taxa with 
suctorial feeding mechanisms (e.g., Trombidiformes, Tricladida) (Brown et al., 2011). 
These predators represented a very small number of observations (< 5 % of 
macroinvertebrates) and so were unlikely to have significantly altered food web 
interactions. Invertebrate prey found in gut contents but not in the benthos of a specific 
site (perhaps drifting prey) were excluded as they would have been represented as 
basal taxa in food webs. As freshwater food webs are strongly size structured and most 
consumers eat prey of a smaller body size (Brose et al., 2006), ingested Chironomidae 
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larvae fragments that were difficult to identify (i.e. those where the head capsule was 
absent) were assigned to taxa that were found in the same replicate Surber as the 
consumer, but only if individuals of those taxa were smaller than the consumer. If these 
smaller individuals belonged to two or more species, prey were attributed to a single 
genus (e.g., Diamesa) or family (Chironomidae) node. Rotifers, nematodes, protists 
and protozoans were incorporated into food webs (Schmid-Araya et al., 2016) via 
inferred links to amorphous detritus because their extremely small size limited GCA. 
This enabled their inclusion in connectance food webs without representing them as 
basal taxa. Food webs were analysed using the cheddar package of R 3.2.2 (Hudson 
et al., 2016) and visualised using FoodWeb3D (Yoon et al., 2004).  
 
Yield effort curves were constructed using the specaccum function of the vegan 
package of R (Oksanen et al., 2017), to determine if a sufficient number of 
macroinvertebrate guts had been analysed to accurately describe the feeding linkages 
of the food web at each river site. Curves plotted the cumulative number of guts 
analysed per macroinvertebrate family or species (dependent upon identification 
resolution) against the cumulative number of identified resources, and randomised the 
analysis order 1000 times (Appendix 3.2).  
 
Connectance network descriptors were calculated for each of the nine webs following 
Bersier et al. (2002). Metrics included taxonomic richness (number of nodes, S), the 
number of links between taxa (number of trophic links, L), the density of these linkages 
(linkage density, L/S) and the proportion of potential trophic linkages which were 
realised (directed connectance, L/S2). The fraction of nodes defined as basal (B), 
intermediate (I) and top (T) taxa were calculated, alongside the proportion of links 
connecting these groups. Chain lengths were equivalent to the number of nodes per 
chain. Feeding relationships were described by the fraction of taxa which consumed 
resources located on different trophic levels (omnivory), the mean number of prey 
eaten by each consumer (trophic generality) and the mean number of consumers 
eating each prey species (trophic vulnerability). The ratio of resource to consumer taxa 
was also calculated for each site.  
 
Path lengths, defined as the number of trophic links connecting all pairs of nodes, were 
calculated for each food web. Characteristic path length, the average of all individual 
path lengths, was then determined to investigate applicability of the two degrees of 
separation theory (Williams et al., 2002). To explore the extent to which each network 
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displayed random or scale-free network organisation (Dunne et al., 2002a), mean 
degree distributions were computed and cumulative degree distributions plotted, with 
distribution models (power-law, exponential, linear) fitted and R2 values used to retain 
the model which best characterised each river site. Global average clustering 
coefficients were calculated using the transitivity function of the igraph package of R 
(Csardi and Nepusz, 2006). Values for each food web were compared to those 
representing the mean clustering coefficient of 1000 random networks constructed to 
host identical numbers of nodes and links, using the undirected Erdos-Renyi model.  
 
Biomass (M) and abundance (population density; N) information were attributed to food 
web nodes to investigate the influence of glacier retreat on allometric scaling 
relationships for seven food webs. Sites E5 and U1 were omitted from this analysis 
because biofilm density data were missing; E5 due to sample damage, and U1 
because the species found in consumer guts were absent from the benthos. Counts of 
all macroinvertebrate and biofilm taxa were scaled to estimate density m-2. To calculate 
biomass (mg) for Chironomidae larvae and ingested macroinvertebrates, body length 
was estimated following published regressions with head capsule width (Smock, 1980). 
Biomass was calculated from body length for all macroinvertebrates using genera, or 
when available, species-specific regression constants (Smock, 1980; Nolte, 1990) 
(Appendix 3.3). Dimensions of invertebrates from the Surber samples were used to 
inform a series of site- and genera-specific length-biomass regressions (Appendix 3.4). 
These enabled dimensions of body components from macroinvertebrate prey which 
had become fragmented in the gut, to be used to estimate the biomass of entire 
individuals, prior to their consumption. Following the European Standard protocol 
(CEN, 2015), ingested periphyton (e.g., diatoms, desmids, algae, cyanobacteria) were 
assigned shape categories based upon their length, width and depth measurements, 
which informed standardised equations used to determine biovolume (Appendix 3.3). 
Where depth was not visible microscopically, equations provided by the protocol were 
used to estimate this dimension, and in their absence, depth was assumed to equal 
width for small freshwater algae (Sun and Lui, 2003; CEN, 2015). Biovolume was 
converted to biomass using the regression constants of Menden-Deuer and Lessard 
(2000) (Appendix 3.3).  
 
MN relationships primarily represented macroinvertebrate-periphyton feeding linkages. 
M could not be determined for taxa which lacked published body-size and biomass 
regressions (e.g., rotifers, nematodes, testate amoeba), whose components in the gut 
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expressed no relationship to measured taxon body lengths (e.g., claws, spines, tails) or 
were too damaged to do so (e.g., folded head capsules). N could not be calculated for 
resources which were present in macroinvertebrate guts but absent from Surbers or 
biofilm scrubs, as m-2 abundance (population density) estimates were derived from site-
specific samples. Amorphous detritus had no measurable N. Calculation of size-based 
food web descriptors followed Cohen et al. (2009) in the cheddar package of R 
(Hudson et al., 2016). This included determination of the number of food chains per 
web. The multitrophic statistic community span described the range of M and N values 
across whole food webs. Mean count chain length referred to the number of trophic 
links in a food chain and the mean sum chain length comprised the total length of these 
links.  
 
Ordinary least squares (OLS) linear regressions were determined for both species-
averaged and individual log10 M and log10 N relationships. OLS analysis was performed 
in base R, with R2 values used to assess regression significance. Resulting scaling 
coefficients were compared to those predicted by metabolic theory (individual = -1.00, 
species-averaged = -0.75) (Brown et al., 2004) and correlated to catchment glacier 
cover, to determine universality of the MN relationships. For MN correlations for 
individual taxa, the biomass of all measured periphyton and macroinvertebrates were 
placed into size bins of 1 on the log10 scale, with M represented as the centre point of 
every biomass bin and N as the number of individual taxa found in each (O’Gorman, 
2012). For consumers where biomass was determined for a subsample of the collected 
population (e.g., Chironomidae), random numbers were drawn from a lognormal 
distribution with mean and standard deviation values equal to those of the subsample, 
to estimate biomass for the unmeasured taxa. For resources (e.g., diatoms), the 
number of measured taxa was determined as a proportion of the total counted per site, 
and this value used to extrapolate the number of individuals found in each size bin, to 
represent unmeasured taxa. All invertebrate and periphyton biomass estimates were 
represented m-2. For Figure 4.3, amorphous detritus biomass was added to periphyton 
biomass to represent food web basal resource availability.  
 
Relationships between catchment glacier cover and all connectance and trophic food 
web descriptors were tested using generalised linear models (GLM) and generalised 
additive models (GAM) in the mgcv package of R (Wood, 2011). For GAM, smoothing 
parameter selection followed Wood (2004). Model fit was assessed using Akaike 
information criterion, which identified Negative binomial and Gaussian distribution 
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families as the most parsimonious solutions. The percentage of deviance explained 
was used to evaluate model performance. GLM and GAM were also used to 
investigate relationships between physicochemical and nutrient variables and all food 
web descriptors, alongside correlations between taxonomic richness and abundance 
(m-2) of macroinvertebrates and diatoms and catchment glacier cover. Analyses were 
undertaken with and without site O3 due to its position approximately 3.3 km 
downstream of the Obersulzbachkees proglacial lake. These features have been 
documented to attenuate the physicochemical conditions imposed by meltwater inputs 
(Milner and Petts, 1994; Brittain et al., 2001; Milner et al., 2001; Hieber et al., 2001) 
and in turn, cause catchment glacier cover to be an unreliable predictor of river habitat 
response. GLM and GAM were also used to test the association between basal, 
primary consumer, predator and whole web biomass and catchment glacier cover.    
 
4.3 Results 
4.3.1 Alpine river biodiversity 
A total of 8,437 individual macroinvertebrates were identified across the nine alpine 
river sites. These included Coleoptera (2), Collembola (54), Diptera (7,407), 
Ephemeroptera (449), Plecoptera (462), Tricladida (2), Trichoptera (59) and 
Hydracarina (2) (Appendix 3.5). Mean macroinvertebrate density ranged from 78 to 
5114 individuals m-2, with taxonomic richness and density increasing significantly with 
reducing catchment glacier cover (Table 4.1; Appendix 3.6). Predatory taxa included 
Simuliidae, Nemouridae spp. and individuals representing the Baetis alpinus group. 
Biofilm samples were dominated by diatom valves (71 taxa), with Gomphonema, 
Eunotia, Nitzschia and Encyonema the most abundant genera across sites. Although 
patchily distributed in riffle microhabitats, mean benthic diatom density ranged from 
15111 to 3.2 x 108 valves m-2 and increased significantly with reducing glacier cover, 
alongside taxonomic richness (Table 4.1; Appendix 3.6). Biofilm samples also hosted 
desmids, filamentous green algae, golden algae, fungal spores, plant detritus, testate 
amoeba and tardigrades (Appendix 3.5).   
 
4.3.2 Food webs 
GCA of 737 aquatic macroinvertebrate consumers directly identified 9,027 feeding 
interactions across the river food webs. Volumetrically, guts were dominated frequently 
by rock fragments and amorphous detritus, defined as a conglomeration of fine 
particulate organic matter and partially digested materials (bacteria, microbes, 
polysaccharides) lacking identifiable cellular structure (Carlough, 1994). Additional gut 
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contents items included macrobenthos (whole and fragmented macroinvertebrates), 
meiobenthos (rotifers, nematodes, protists, testate amoeba, ciliates), microbenthos 
(cyanobacteria, aquatic fungi, filamentous and unicellular green algae, golden algae, 
microalgae (diatoms, desmids)) and tree, plant and bryophyte material (leaf cells, 
spores, pollen) (Appendix 3.5). Feeding interactions were dominated by 
macroinvertebrate-periphyton linkages (Figure 4.1) though yield effort curves 







































































Figure 4.1 Structural alteration of alpine river food webs along a gradient of reducing catchment 
glacier cover (%). Nodes are defined in Appendix 3.7. Colours differentiate basal nodes (orange 
circles), consumer nodes (yellow circles), links connecting basal and intermediate nodes (green 
lines) and linkages between intermediate and top nodes (blue lines).  
 65  
 
 
Catchment glacier cover was associated significantly with fourteen connectance and 
three trophic descriptors (Appendix 3.8) across the eight alpine river food webs (Figure 
4.2, Table 4.1). Reductions in glacier cover significantly increased the number of nodes 
and both the number and density of linkages which connected them (Figure 4.2a, d, e). 
The number of food chains also increased, alongside mean and maximum chain 
lengths (Figure 4.2o, i, j). There were linear increases in the fraction of food web taxa 
defined as intermediate (non-basal taxa with one or more consumer) and subsequently 
both increases in the proportion of web links occurring between these intermediate taxa 
and their basal resources. Subsequently, there were linear reductions in the proportion 
of links connecting top and basal species (Figure 4.2c, f, g, h). The ratio of resources to 
consumers showed a unimodal response to reducing catchment glacier cover, with the 
lowest values identified at approximately 26 % glacier cover (Figure 4.2b). Decline in 
glacier cover < 26 % was associated with marked increases in the number of nodes 
(Figure 4.2a), links (Figure 4.2d) and chains (Figure 4.2o).  
 
Reductions in glacier cover were associated with a linear increase in the mean number 
of consumers ingesting each resource taxa and a linear decrease in the mean number 
of resource taxa being ingested by each consumer (Figure 4.2m, n). Both mean sum 
chain lengths and community span were lowest at sites with high glacier cover and 
increased significantly with ice loss. This increased the total orders of magnitude 
spanned by taxa biomass and abundance across individual food chains and entire food 
webs, respectively (Figure 4.2p, q). In contrast, directed connectance and omnivory 
were not associated with catchment glacier cover (Appendix 3.8). Twelve descriptors 
for site O3, positioned downstream of a proglacial lake, were higher than expected 
from the GAM and GLM, with values aligning to river reaches with much lower glacier 
cover in non-lake-fed catchments (Figure 4.2). Given that this site acted as a major 
outlier in much of the analyses, its inclusion resulted in fewer significant GAM and GLM 
















































Figure 4.2 Significant GAM/GLM relationships between connectance (a to n) and trophic 
descriptors (o to q) of alpine river food webs and catchment glacier cover. Res = resource, Con 
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= consumer. Descriptors are defined in Section 4.2.4. Site O3 (black triangles), which was 
positioned downstream of a proglacial lake, was not included in the GAM/GLM analysis. Black 
lines represent lines of best fit (solid) and 95 % confidence intervals (dashed). Model statistics 
are presented in Table 4.1.   
 
Table 4.1 GAM/GLM statistics for relationships between catchment glacier cover and 
environmental parameters, biodiversity metrics, connectance and trophic food web descriptors 
and biomass. Significant correlations between catchment glacier cover and food web metrics 
are displayed in Figure 4.2, with biomass relationships shown in Figure 4.3. Relationships 





Dependent variable Model (Distribution) χ2 / F p-value Deviance 
explained (%) 
Environmental parameters     
Water temperature GLM (Gaussian) 2.56 0.161 29.9 
EC GLM (Gaussian) 2.20 0.188 26.9 
pH GLM (Gaussian) 0.54 0.490 8.3 
1/ Pfankuch Index GLM (Gaussian) 5.67 0.055 48.6 
Turbidity GAM (Negative binomial) 26.65 < 0.001 *** 74.4 
TN GAM (Negative binomial) 18.35 0.005 ** 88.0 
TP GLM (Gaussian) 0.36 0.576 6.7 
Biodiversity metrics     
Macroinvertebrate     
Density GAM (Negative binomial) 129.60 < 0.001 *** 42.0 
Taxonomic richness GAM (Negative binomial) 21.78 < 0.001 *** 90.2 
Diatom     
Density GAM (Negative binomial) 1257 < 0.001 *** 56.2 
Taxonomic richness GAM (Negative binomial) 20.80 < 0.001 *** 80.7 
Connectance descriptors     
Node properties     
Number of nodes GAM (Negative binomial) 46.73 < 0.001 *** 74.9 
R: C ratio GAM (Gaussian) 13.16 0.010 * 84.0 
Top taxa GAM (Gaussian) 1.52 0.306 37.7 
Intermediate taxa GLM (Gaussian) 7.16 0.037 * 54.4 
Basal taxa GAM (Gaussian) 3.46 0.114 58.1 
Link properties     
Number of links GAM (Negative binomial) 120.00 < 0.001 *** 80.7 
Linkage density GLM (Gaussian) 45.10 < 0.001 *** 88.3 
Directed connectance GLM (Gaussian) 5.04 0.066 45.6 
T: B taxa GLM (Gaussian) 7.34 0.035 * 55.0 
T: I taxa GLM (Gaussian) 0.65 0.450 9.8 
I: B taxa GLM (Gaussian) 7.69 0.032 * 56.2 
I: I taxa GLM (Gaussian) 12.34 0.013 * 67.3 
Chain properties     
Mean chain length GLM (Gaussian) 9.37 0.022 * 61.0 
Maximum chain length GLM (Gaussian) 27.96 0.002 ** 82.3 
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Table 4.1 – continued 
 
 
Characteristic path length spanned 1.58 to 2.18 across the eight food webs and 
increased significantly with declining catchment glacier cover (Figure 4.2k). Over 73 % 
(73.5 to 100 %) of taxa were connected by two or fewer trophic linkages and over 82 % 
(82.7 to 100 %) by three or fewer links, except for U2 (≤ two links: 54 %; ≤ three links: 
66 %). There was a significant linear decrease in the percentage of taxa connected by 
two or fewer links with reducing glacier cover (R2 = 0.64) (Appendix 3.10.1). The 
cumulative degree distributions for each of the eight webs were best characterised by 
power-law distribution models. Global average clustering coefficients were 4 to 14 
times greater for food webs than randomly generated networks with the same number 
of nodes and links (Appendix 3.10.1). 
 
Declining catchment glacier cover was correlated significantly to reducing turbidity and 
increasing TN. Connectance and trophic food web descriptors were also associated 
significantly with physicochemical variables and nutrient concentrations, including 
optical turbidity (18 descriptors), 1/Pfankuch Index (18 descriptors) and TN (17 
descriptors) (Appendix 3.11). While many of these descriptors were those identified as 
supporting significant relationships with catchment glacier cover, additional correlations 
include the unimodal reduction in directed connectance with reducing turbidity (GAM: 
p-value = < 0.001; χ2 = 69.98; deviance explained = 96.6 %) and linear reduction with 
both increasing channel stability (1/Pfankuch Index) (GLM: p-value = 0.024; F = 9.02; 
deviance explained = 60.0 %) and reducing TN (GLM: p-value = 0.008; F = 15.08; 
deviance explained = 71.5 %) (Appendix 3.11).  
Dependent variable Model (Distribution) χ2 / F p-value Deviance 
explained (%) 
Characteristic path length GLM (Gaussian) 28.93 0.002 ** 82.8 
Mean degree distribution GLM (Gaussian) 11.62 0.014 * 65.9 
Feeding relationship properties    
Omnivory GLM (Gaussian) 4.34 0.082 42.0 
Mean trophic generality GAM (Negative binomial) 7.69 0.021 * 71.1 
Mean trophic vulnerability GLM (Gaussian) 53.83 < 0.001 *** 90.0 
Trophic descriptors     
Number of chains GAM (Negative binomial) 151.20 < 0.001 *** 79.5 
Community span GLM (Gaussian) 13.93 0.020 * 77.7 
Mean sum chain length GLM (Gaussian) 13.64 0.021 * 77.3 
Biomass     
Basal GAM (Negative binomial) 22.9 < 0.001 *** 63.5 
Primary consumer GAM (Negative binomial) 119.4 < 0.001 *** 33.8 
Predator GAM (Negative binomial) 333.6 < 0.001 *** 63.9 
Total GAM (Negative binomial) 221.2 < 0.001 *** 51.5 
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4.3.3 Allometric scaling  
Across the food webs M spanned 13 orders of magnitude and increased with trophic 
level. There were significant increases in basal, primary consumer and total biomass 
with decreasing catchment glacier cover (Figure 4.3; Table 4.1). The biomass of 
amorphous detritus increased significantly with reducing glacier cover (GAM: p-value = 















Figure 4.3 Alterations to the total biomass (mg m-2) of basal taxa, primary consumers, predators 
and all aquatic biota of alpine river food webs along gradients of increasing catchment glacier 
cover. Black lines represent GAM lines of best fit and 95 % confidence intervals. Summary 
statistics are presented in Table 4.1. Basal biomass included biomass values for primary 
producers alongside standing stock of amorphous detritus (AFDM). Predators included taxa 
with cannibalistic feeding linkages. Biomass information was available for macroinvertebrate 
and periphyton species but n = 6 as diatom biomass estimates were unavailable for sites E5 
and U1. Site O3 (black triangles) was influenced by a proglacial lake but not included in these 
correlations. GAM relationships inclusive of O3 are displayed in Appendix 3.9.2.  
 
All species-averaged (R2 = 0.64 to 1.00) and individual (R2 = 0.74 to 1.00) MN 
relationships showed highly significant linear regressions (Figure 4.4, Appendix 3.12). 
Scaling coefficients for both individual (-0.50 to -0.26) and species-averaged (-0.40 to -
0.25) relationships were higher than those predicted by metabolic theory (-1, -3/4) 
(Brown et al., 2004), with regressions producing shallower slopes between resource 
and consumer biomass values than expected. Individual slope values declined 
significantly with reducing catchment glacier cover (Figure 4.4f).  









Figure 4.4 Relationships between biomass (M) and abundance (N) of food web consumers and 
resources. (a, b) species-averaged MN correlation, derived from the mean log10 biomass and 
log10 abundance of each consumer and resource species. (c, d) individual MN correlation, 
derived from the log10 biomass and log10 abundance of all individual macroinvertebrates and 
periphyton, following their placement into size bins of 1 on the log10 scale. For (a to d), 
examples are displayed for river sites hosting the highest (R1: 64 %) and lowest (E4: 0 %) 
glacier cover, with information for additional food webs presented in Appendix 3.12. Scaling 
coefficients are displayed for comparison to those predicted by metabolic theory (species-
averaged = -0.75, individual = -1.00) (Brown et al., 2004). (e, f) correlation between the MN 
regression slope value and catchment glacier cover at each river site. Slope values were 
calculated from site-specific (e) species-averaged and (f) individual MN correlations, which are 
displayed in Appendix 3.12. Here, n = 6 as resource abundance estimates were unavailable for 
E5 and U1. Black lines depict fitted OLS linear regressions.  
 
4.4 Discussion 
This study presented nine high-resolution river food webs derived from direct gut 
contents observation, to generate new understanding of the response of ecological 
network structure and allometry to reducing catchment glacier cover. Original findings 
included the significant rewiring of food webs, as demonstrated through changes in 
connectance and trophic descriptors as glacier cover declined. Many descriptors 
showed a pronounced threshold of change below approximately 26 % glacier cover. 
The river networks hosted high clustering coefficients, short mean chain lengths and 
low directed connectance, potentially underpinning the observed food web restructuring 
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as glacier cover was lost. The food webs were strongly size structured, with mass and 
abundance relationships varying systematically along the gradient of glacier cover. 
Together these findings illustrated the potential for significant successional 
reorganisation of alpine river food webs imposed by glacier retreat.    
 
4.4.1 Food web structure 
Reductions in catchment glacier cover were associated with increased numbers of food 
web nodes, links and chains, underpinned by observed increases in macroinvertebrate 
and diatom species richness, abundance and biomass (Figure 4.2; Figure 4.3; 
Appendix 3.6). This finding enabled acceptance of H1. The increase in taxonomic 
biodiversity is supported by previous studies documenting biota responses to 
attenuation of the harsh physicochemical conditions associated with glacier ice melt 
inputs (e.g., low water temperature, channel stability) (Brown et al., 2007a; Lencioni et 
al., 2007; Milner et al., 2009; Brown and Milner, 2012; Niedrist et al., 2018). This study 
suggested that these responses were enabled by significant increases in the number of 
feeding linkages (mean trophic generality and vulnerability), linkage density and 
community span. Each of these descriptors were associated significantly with reducing 
turbidity and increasing channel stability (Appendix 3.11), physicochemical alterations 
known to be characteristic of glacier retreat worldwide (Milner and Petts, 1994; Brown 
et al., 2018). This suggested that food web responses documented here may also be 
found in other alpine regions.  
 
Food web succession rate along the gradient of reducing catchment glacier cover was 
modified at a threshold of approximately 26 % glacier cover, below which more rapid 
increases were identified in node, link and food chain numbers (Figure 4.2). This 
‘tipping point’ was characterised by clear changes to the ratio of resource to consumer 
taxa (Figure 4.2b). Above this threshold the ratio was reduced, as glacier cover 
declined from 64 to 26 %. This was potentially because some grazing species, 
including Rhithrogena semicolorata and Heptagenia lateralis, were found exclusively at 
river sites > 26 % glacier cover. The absence of predation (excluding cannibalism) at 
these sites suggested reduced production available to support higher trophic levels, 
which was corroborated by significant reduction in the biomass of amorphous detritus 
with increasing glacier cover. Below this threshold the ratio increased, with associated 
increase in the abundance and biomass of basal taxa (Fell et al., 2018). This could 
have resulted from biofilm communities benefitting from the warmer water 
temperatures, less variable flows, reduced turbidity and thus greater light availability 
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induced by reduced runoff (Hieber et al., 2001; Rott et al., 2006; Wilhelm et al., 2013, 
Ren et al., 2017b). This may account for increases in the mean number of prey species 
available to be ingested by each consumer (mean trophic generality) < 26 % glacier 
cover.        
 
High basal taxa abundance < 26 % glacier cover may be due to reduced algal grazing 
pressure resulting from a plateau in macroinvertebrate abundance increases (Appendix 
3.6). Similar reductions in invertebrate density have been noted below approximately 
40 % meltwater contribution in glacierised catchments of the French Pyrenees (Khamis 
et al., 2016), and the relative abundance of several invertebrate functional groups 
reached asymptote at 20 to 30 % glacier cover in a global-scale study (Brown et al., 
2018). Above 26 % glacier cover, food web structure may be controlled by the 
physicochemistry and disturbance imposed by ice melt inputs upon unstable proglacial 
rivers. Below the threshold, this influence appears sufficiently attenuated for a switch to 
donor-control of network structure led by a proliferation of biofilm. This pattern of 
community assembly may align to that identified by Brown et al. (2018), who found 
niche-based species sorting to be replaced by patch dynamics at low glacier cover, 
with macroinvertebrate dispersal limitation dominating community assembly throughout 
glacier recession stages, due to the fragmented nature of mountain river networks.  
 
Reducing catchment glacier cover led to the expansion of trophic height, with greater 
predation leading to an increase in the proportion of consumer nodes defined as 
intermediate taxa. This reorganisation explains the significant increase in trophic links, 
linkage density and food chain lengths (number of chains, maximum and mean chain 
length) with declining glacier cover. Despite this, these eight networks hosted the 
shortest mean chain lengths documented for river food webs (1.00 to 2.01), leading to 
partial acceptance of H2. This characteristic was previously identified by Clitherow et al. 
(2013) for a glacier-fed stream reach (2.00 to 2.36). Short chain lengths reflect low 
levels of predation (limited body-size range), a dominance of macroinvertebrate-
periphyton linkages and limited omnivory along the glacier cover chronosequence, all 
potentially driven by the low production of these high-altitude river systems. As snow 
melt and storm events drive seasonal periods of flood, freezing and dewatering in 
alpine rivers (Beniston et al., 2018), these short food chains may be maintained by high 
flow rate variability (Sabo et al., 2010), even in groundwater dominated rivers. Although 
drainage area, a proxy for ecosystem size, has been identified as a critical influence on 
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food chain length in networks hosting low productivity (Ward and McCann, 2017), no 
association was identified with catchment size.  
 
Directed connectance was not associated with catchment glacier cover. Reported 
values were similar to those documented for a river site (0.05 to 0.19, 2006 to 2011) 
adjacent to E5 (0.07, 2015) (Clitherow et al., 2013). However, connectance for the 
eight river food webs (0.03 to 0.11) was within the range or lower than those identified 
for non-glacierised mountain catchments in Alaska (0.18 to 0.2, Parker and Huryn, 
2006) and lowland UK temperate river systems (0.03 to 0.29, Brown et al., 2011), 
leading to partial rejection of H2. High connectance has previously been attributed to 
omnivorous macroinvertebrate feeding in response to limited primary production and 
riparian energy provision (Zah and Uehlinger, 2001; Zah et al., 2001; Clitherow et al., 
2013). However, omnivory was constrained at all eight sites (0.00 to 0.12) due to 
limited macroinvertebrate predation. Findings suggested preservation of network-level 
metrics across sites, including directed connectance, despite reduction in node 
numbers, food web linkages and predatory species at high cover. These metrics 
altered with web size (richness), while directed connectance remained invariant across 
networks. This has previously been identified in the response of aquatic food webs to 
drought disturbance (Ledger et al., 2013), suggesting that these networks may respond 
comparably to a variety of climate induced environmental stressors. As reduced 
directed connectance can cause food webs to become less robust to environmental 
perturbation (Dunne et al., 2002a, b), maintenance of this metric throughout 
disturbance gradients may indicate their structural resilience to imposed alterations.  
 
Six of the alpine river food webs supported the two degrees of separation theory 
(Williams et al., 2002) as 81 to 100 % of species pairs shared two or fewer linkages. 
This was potentially due to the prevalence of generalist feeding strategies, which have 
been identified to characterise glacier-fed alpine rivers (Zah et al., 2001; Clitherow et 
al., 2013). The percentage for E5 (82 %) was comparable to an adjacent river site (92 
%) sampled by Clitherow et al. (2013). Declining glacier cover led to significant 
reductions in the proportion of nodes connected by two or fewer links (Appendix 3.10) 
and subsequently, increases in characteristic path length (Figure 4.2; Table 4.1). This 
reduction in interconnectedness may have been driven by greater abundance of 
primary consumers and the introduction of selective predatory taxa at low glacier cover 
sites. Despite this, the nine food webs hosted short characteristic path lengths, high 
clustering coefficients and mean degree distributions best described by power-law 
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relationships. These scale-free or small-world network properties can create food webs 
which are susceptible to rapid propagation of structural alterations following removal of 
highly connected species (Williams et al., 2002; Dunne et al., 2002a, b). However, 
while previous research has predicted imperilment of the Baetis alpinus group in 
deglaciating catchments (Finn et al., 2014), no consumer invertebrates were lost as 
glacier cover declined, with those adapted to ice melt dominated rivers also present in 
lower glacier cover streams (e.g., Diamesa goetghebueri, Diamesa cinerella, Baetis 
alpinus gr.). This suggested that ice loss may not directly drive extirpation at sampled 
sites, with taxa persisting along the chronosequence or capitalising on other 
disturbance events to recolonise river sites at lower glacier cover (Milner et al., 2018).  
 
Persistence of taxa as the aquatic community assembled in response to reducing 
catchment glacier cover aligned to the tolerance mechanisms identified for 
macroinvertebrates in response to real-time glacier recession (Milner and Robertson, 
2010; Brown and Milner, 2012). Consumers at sites with ≥ 36 % glacier cover retained 
feeding linkages with many prey species (Diamesa goetghebueri = 40 % of prey 
species, Diamesa cinerella = 88 %, Baetis alpinus gr. = 54 %) despite ice loss. This 
indicated that reorganisation of river food webs will follow patterns of restructuring 
rather than catastrophic collapse, as previously predicted for small-world networks 
experiencing targeted species removal (Solé and Montoya, 2001; Dunne et al., 2002a; 
Ledger et al. 2013). While rapid structural alteration may prove significant for 
glacierised regions hosting endemic, cold-stenothermic species (e.g., Pyrenees, Rocky 
Mountains) (Brown et al., 2007a; Giersch et al., 2016), this study did not find evidence 
of cascading species loss in river food webs. As illustrated by Montoya and Solé 
(2002), the small-world properties of these observed food webs may enable them to 
respond rapidly to short term disturbances and recover quickly from environmental 
perturbations, dampening the impact of glacier retreat.   
 
Catchment geomorphology strongly modified food web structure through the 
mechanism of proglacial lake formation. Proglacial lake outlets have previously been 
identified to host higher water temperatures and channel stability in comparison to 
glacier-fed streams of similar altitude, increasing macroinvertebrate and algal 
abundance (Milner and Petts, 1994; Brittain et al., 2001; Milner et al., 2001; Hieber et 
al., 2001). Findings noted this physicochemical disparity between site O3 below the 
Obersulzbachkees (42 % glacier cover; mean water temperature: 8.0°C; 1/Pfankuch: 
0.025) and site U1, which had comparable catchment glacier cover but no lake inputs 
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(46 % glacier cover; mean water temperature: 1.3 °C; 1/Pfankuch: 0.019). Site O3 had 
linkage density, mean trophic vulnerability and numbers of nodes, links and chains that 
were comparable to river sites with 0 to 3 % glacier cover, despite its catchment 
retaining 42 % glacier cover at the time of sampling. This site also hosted the longest 
mean chain lengths, characteristic path lengths and highest omnivory of the nine food 
webs (Figure 4.2; Appendix 3.9.2). This research provided first observation of 
geomorphic context impacting whole food web structure, in addition to individual 
taxonomic groups (Appendix 3.9), with lakes potentially accelerating the transition to 
donor-controlled assembly even for river food webs at high glacier cover. Further 
research is required to determine the downstream attenuation of lake influence, and 
the implications of this discontinuity between runoff production and glacier influence 
upon cold stenothermic populations in a greater number of alpine drainage networks. 
This is pertinent given the proliferation of proglacial lake formation in deglaciating 
watersheds in Austria (Buckel et al., 2018) and other glacierised regions (Carrivick and 
Heckmann, 2017; Otto, 2019).  
 
4.4.2 Allometric scaling  
All nine alpine river food webs were characterised by inverted biomass structures, as 
total biomass increased with trophic level, and predator biomass exceeded that of 
basal taxa. This pattern is frequently identified for energy transfer in temperate 
freshwater ecosystems (Vadeboncoeur and Power, 2017). The inversion was also 
evident in scaling coefficients for both individual and species-averaged MN 
relationships, which were higher than those predicted by metabolic theory (Brown et 
al., 2004). As identified by Clitherow et al. (2013), this disparity in alpine river food 
webs may reflect higher consumer or lower resource abundances in comparison to 
theoretical autochthonous supported networks, potentially because not all available 
energy sources were captured in MN plots. The contribution of amorphous detritus, 
which was observed in all consumer gut contents, was not included given the absence 
of a definable N. However, unlike for many temperate river systems (Perkins et al., 
2018), energy from riparian detrital inputs in these above treeline river sites has 
previously been documented as minimal (Zah and Uehlinger, 2001) and thus, may not 
provide a critical energy source to alpine rivers.  
 
Additional energy inputs may include other observed species lacking an N value at 
each river site, in part because many taxa found in gut contents were absent from the 
biofilm environment. This may have been because glacier-fed river invertebrates are 
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characterised by low abundances and patchy spatial distribution, potentially hindering 
their capture in river samples (Clitherow et al., 2013). The contribution of energy 
sources not investigated in this study may also explain elevated consumer 
abundances. These may include small meiofauna species (nematodes, protists, 
rotifers, protozoa) not retained by the 250 μm Surber mesh (Schmid-Araya et al., 2002) 
and microbial assemblages (Archaea, bacteria, fungi) in the biofilm community (Ren et 
al., 2017b). Further research is required to quantify the contribution of these resources 
to macroinvertebrate diets and to assess the quality of their nutritional provision, which 
may be temporally dynamic (Finlay et al., 1999; Perkins et al., 2010). Metabarcoding 
and high-throughput DNA-based sequencing could be included to integrate the 
contribution of algae, microbes and meiofauna, whose small size limits GCA through 
direct observation (Sheppard and Harwood, 2005; Creer et al., 2010; Hotaling et al., 
2017a; Ren et al., 2017b; Vadeboncoeur and Power, 2017; Banerji et al., 2018). 
 
Consumer biomass may appear greater than that which the observed resource supply 
could sustain, if food web structure reflected a legacy effect of temporal variability in 
basal energy supply. Previous research has documented both periphyton (e.g., 
Hydrurus foetidus) blooms and absences in alpine rivers during the spring ice melt 
period, potentially induced by the impacts of glacier nutrient release and flood events 
upon benthic microfauna (Uehlinger et al., 2002; Rott et al., 2006; Uehlinger et al., 
2010). Within- and between-season fluctuations in watershed resource supply may 
result in consumers capitalising upon ‘windows of opportunity’ (Uehlinger et al., 2002, 
p. 20; Gabbud et al., 2019) to increase their biomass, and then persisting during 
intermittent periods of low energy availability with reduced consumption. Uehlinger et 
al. (2010) identified similar seasonal patterns of periphyton biomass in glacier-fed and 
groundwater dominated stream reaches, perhaps underpinning the absence of a 
significant relationship between species-averaged MN scaling coefficients and 
catchment glacier cover. In contrast, the significant relationship between individual MN 
slope values and catchment glacier cover illustrated greater disparity between 
observed and predicted biomass structuring at high glacier cover sites. This potentially 
reflects the more efficient use of available resources by consumer species, which 
although found throughout the chronosequence of sites, may have adapted to the 
lower basal biomass availability in these reaches (Woodward et al., 2010b; 
Vadeboncoeur and Power, 2017; Niedrist and Füreder, 2018).  
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Comparison of individual abundances between high (64 %) and low (0 %) glacier cover 
river sites demonstrated that resource N increased by approximately four orders of 
magnitude while consumer N by one order. Therefore, as glacier cover declined, the 
rate of increase in basal taxa abundance was greater than that of consumer taxa. This 
may suggest that biofilm species were able to exploit the change in river habitat 
(increased water temperature and channel stability) more rapidly than 
macroinvertebrates, with these smaller taxa colonising sites more quickly. The lag in 
consumer abundance increase was also noted as a reduction in the increase of 
macroinvertebrate abundance < 26 % glacier cover. This was potentially influenced by 
dispersal limitation constraints, which disproportionately influence larger organisms 
(Brown et al., 2018). Disparity in the increase of basal taxa relative to 
macroinvertebrates with declining glacier cover ensured that individual MN 
relationships altered systematically along the chronosequence (Figure 4.4f). This led to 
rejection of H3, which in alignment with metabolic theory, predicted this relationship to 
remain invariant despite environmental perturbation (Brown et al., 2004; Woodward et 
al., 2012). This response was recently identified for river food webs receiving terrestrial 
subsidies, which increased the abundance of top predatory fish species relative to 
basal taxa (Perkins et al., 2018). It has also been observed in streams affected by 
drought, where reductions in predator pressure were accompanied by a proliferation of 
basal species (Woodward et al., 2012), similar to the response identified in sampled 
alpine rivers. In contrast to the latter study of a specific disturbance event, this research 
provided new evidence of a natural environmental gradient perturbing individual MN 
scaling relationships in river habitats, with increased basal taxa altering both the 
connectance descriptors of food webs, alongside their size structure. As the body mass 
and abundance of individual organisms critically influences their metabolic rate, the 
changes to network size structure driven by reducing glacier cover can be expected to 
alter the processing rates of biogeochemical cycles in alpine river ecosystems (Yvon-
Durocher and Allen, 2012).    
 
4.4.3 Wider implications of river food web responses to glacier retreat  
Declining catchment glacier cover significantly reorganised the structure and allometric 
scaling of nine river food webs in the central Austrian Alps. A chronosequence 
approach enabled observation of developments in river food web community assembly 
along the catchment glacier cover gradient. Food web succession was modified at 
approximately 26 % glacier cover, with an increase in basal taxa abundance and 
biomass below this ‘tipping point’. This was potentially sustained by attenuation of the 
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harsh physicochemical conditions associated with ice melt inputs and suggested 
dominance of donor-controlled assembly of river food webs. Glacier retreat is often 
associated with prolific proglacial lake formation in mountainous regions (Carrivick and 
Heckmann, 2017; Buckel et al., 2018; Otto, 2019) and as these features established 
environmental conditions more characteristic of rivers sites at low glacier cover, they 
appear to accelerate this development of food webs. Low directed connectance, scale-
free organisation and the shortest reported river food chain lengths may explain the 
ability of these food webs to restructure rapidly (Montoya and Solé, 2002). However, 
tolerance supported assembly appears to have limited the extirpation of taxa during 
this structural reorganisation, potentially as cold-adapted species were able to 
efficiently assimilate available biofilm resources. This has implications for aquatic 
conservation management strategy, but research is required to determine the 
pervasiveness of this resilience in other glacierised regions. With the European Alps 
predicted to lose up to 89 % of their glacier volume by 2100 (EEA, 2016), significant 
rewiring of alpine river food webs will be widespread, altering the abundance, density 
and biomass of aquatic species. This may influence the primary production, ecosystem 
metabolism and nutrient cycling processes which these communities sustain (Tank et 
al., 2010; Ulseth et al., 2018). 
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Chapter Five: Glacier loss accelerates fungal 
decomposition of river organic matter 
 
5.1 Introduction 
The retreat of mountain glaciers worldwide is accelerating at an unprecedented rate, 
with climate change predicted to drive continued ice loss throughout the twenty-first 
century (Zemp et al., 2015; Huss and Hock, 2018). Sustained reduction in ice melt 
contributions to proglacial river systems is rapidly altering their geomorphological, 
hydrological and ecological characteristics, with implications for freshwater ecosystem 
service provision downstream (Bliss et al., 2014; Milner et al., 2017). Despite 
proliferation of research considering the impact of such modifications upon aquatic 
ecological community structure (Brown et al., 2007a; Milner et al., 2009; Gesierich and 
Rott, 2012; Jacobsen et al., 2012; Wilhelm et al., 2013; Ren et al., 2017b), far less is 
understood of how functional processes will be influenced by glacier retreat, and the 
role of microbial biodiversity in driving these ecosystem functions, such as carbon 
cycling (Singer et al., 2012; Freimann et al., 2013; Wilhelm et al., 2013).   
 
Organic matter (OM) decomposition is a critical process in aquatic ecosystems as it 
strongly regulates energy availability to benthic food webs (Cummins, 1974; Tank et 
al., 2010). Gradual degradation, mineralisation and catabolism of organic material 
through physical fragmentation and saprotroph community processing is also 
responsible for substantial release of carbon in gaseous (CO2, CH4), dissolved and 
particulate forms (Battin et al., 2008; Aufdenkampe et al., 2011; Striegl et al., 2012; 
Singer et al., 2012; Raymond et al., 2013). Reorganisation of microbial community 
structure has been identified to determine OM decomposition rates in terrestrial 
environments (Glassman et al., 2018). While there have been recent global-scale 
investigations of aquatic OM processing (Follstad Shah et al., 2017; Tiegs et al., 2019), 
linkages between measured decomposition rates and specific microbial taxa, 
saprotrophic groups and their associated genes, remain to be studied.     
  
In many high-altitude mountain rivers, sources of terrestrial OM are limited to riparian 
grasses, shrubs and wind-blown material. Downstream, inputs typically increase with 
distance from glacier margins and the emergence of sub-alpine forest at lower-altitude 
(Zah and Uehlinger, 2001; Yue et al., 2016). Breakdown of this terrestrial allochthonous 
OM, alongside autochthonous sources (e.g., macrophytes, algae) and material 
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released from melting glacier ice, critically augments energy derived from primary 
production, which may be constrained by the low water temperatures and high turbidity 
of glacier-fed rivers (Tank et al., 2010; Milner et al., 2017). Previous studies of OM 
decay in glacierised catchments highlight the importance of physical fragmentation as a 
mechanism of decomposition in proglacial rivers (Robinson et al., 2000; Robinson and 
Jolidon, 2005). Glacier runoff reduces channel stability and increases suspended 
sediment concentration and discharge variability (Milner et al., 2017), potentially 
limiting the retention time of OM and increasing abrasion and autolysis rates (Ferreira 
et al., 2006). Sustained glacier retreat may however increase the OM inputs available 
for breakdown in mountain rivers, as ice loss leads to greater geomorphic stability and 
increased habitat availability for herbaceous riparian plants, whose leaf litter may enter 
streams (McKernan et al., 2018).  
 
Biological decomposition of OM in glacier-fed rivers is driven primarily by cold-
stenothermic fungal hyphomycetes, including Lemonniera aquatica and Tricladium 
curvisporum, which tolerate water temperatures approaching freezing (Gessner et al., 
1998; Robinson et al., 2000; Suter et al., 2011). Successional development of microbial 
communities upon organic materials in proglacial rivers leads to subsequent 
colonisation by bacterial families hosting saprophytic taxa, including Rhodobacteraceae 
and Comamonadaceae (Bayer et al., 2006; Wilhelm et al., 2013). Next-generation 
sequencing (NGS) of microbial communities in proglacial habitats (ice, snow, streams, 
lakes, glacier forefields) has indicated high levels of bacterial and fungal biodiversity in 
glacier-fed rivers (Wilhelm et al., 2013; Freimann et al., 2013; Ren et al., 2017b; 
Hotaling et al., 2017a). Biomass and material processing rates are constrained though 
by the low water temperature and high turbidity imposed by meltwater inputs (Gessner 
et al., 1998; Robinson et al., 2000; Robinson and Jolidon, 2005). However, few studies 
consider the functional effects of microbial community responses to declining glacier 
cover. Use of different field and laboratory protocols among publications currently 
prevents the investigation of geographic patterns in the role of biofilm taxa in OM 
decomposition. Understanding of how microbial communities drive ecosystem 
functioning is needed urgently as glacier retreat may accelerate riverine OM processing 
as warmer water temperatures and more stable channel substrates increase 
favourability of conditions for aquatic microbial activity (Wilhelm et al. 2013; Freimann 
et al., 2013). Increased understanding of carbon processing in glacier-fed river systems 
is required to improve current knowledge of the contribution of freshwaters to the global 
carbon cycle (Battin et al., 2008; Singer et al., 2012; Raymond et al., 2013).  




This study investigated how changing catchment glacier cover across six countries on 
four continents affected river ecosystem decomposition of cellulose. Cellulose is the 
world’s most abundant organic molecule and a major component of detrital inputs to 
river systems (Bayer et al., 2006; Tiegs et al., 2007; Tiegs et al., 2019). Decomposition 
rates, aquatic microbial community abundance, and copy numbers of a functional gene 
(cellobiohydrolase I) which critically underpins the hydrolysis of crystalline cellulose 
(Bayer et al., 2006), were assessed using standardised methods to determine if there 
were globally coherent patterns in the linkages between microbial biodiversity and 
decomposition. It was hypothesised that: (H1) the abundance of river fungi and bacteria 
would increase with reducing glacier cover and associated increases in water 
temperature, channel stability and reductions in turbidity; (H2) cellulose decomposition 
rates across the six glacierised regions would be associated positively with increased 
copy numbers of the fungal gene cellobiohydrolase I (cbhI) and in turn, (H3) cellulose 
decomposition rates would increase with reducing catchment glacier cover. A multi-
region approach enabled new global-scale understanding of the processes controlling 
OM decomposition in glacier-fed mountain rivers, as previous studies of leaf litter 
breakdown and associated microbial communities have been undertaken only in a 
single catchment of the Swiss Alps (Gessner et al., 1998; Robinson et al., 1998; 
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Figure 5.1 Global distribution of glacierised mountain study regions. Observations were made 
at 74 river sites. Cotton strip assays were successfully incubated at 53 sites and microbial 
analysis performed for 70 sites. Images display examples of cotton strips before (top left) and 
after river incubation. Basemap adapted from GitHub (2019).  
 
5.2 Methods and materials 
5.2.1 Study areas 
Standardised cotton strip assays were incubated in riffles of glacier-fed rivers, their 
tributaries and groundwater sourced streams of catchments across mountainous 
regions of Alaska, Austria, Ecuador, France, New Zealand and Norway (Figure 5.1). 
Study sites were located on four continents, from -44° to 60° latitude, and in both 
hemispheres. A total of 74 river sites were selected, each with minimal anthropogenic 
influence and spanning an overall gradient of 0 to 85 % catchment glacier cover. The 
percentage of each river catchment permanently covered by ice was calculated by 
delineating watershed areas for individual river sites (filled 5 m to 30 m ASTER Digital 
Elevation Models) using manually refined watershed analysis functions of ArcMap™ 
10.4 (hydrology tools) and calculating the regional ice area (GLIMS, 2018) within these 
boundaries. The experiments were performed during boreal and austral summer 
months (2016 and 2017) to capture the highest possible decomposition rates. Further 
sampling site information is available in Appendix 1. 
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5.2.2 Field sampling 
5.2.2.1 Environmental parameters 
At each river site, electrical conductivity (EC) and pH were measured with Hanna 
Instruments (HI9033, HI98130, Woonsocket, Rhode Island, USA). A YSI Pro Plus 
water quality meter (Xylem, Yellow Springs, Ohio, USA) was used for rivers in Alaska 
and a HQ40D portable multi meter (HACH, Düsseldorf, Germany) for sites in Ecuador 
and France. Hourly water temperatures were recorded throughout the cotton strip 
incubation periods using iButton Fobs (DS1990A-F5, Foshan, China) (France, 
Ecuador) or TinyTag Plus 2 data loggers (Gemini, Chichester, UK) (all other sites). 
Pfankuch Index bottom components (Pfankuch, 1975) were estimated for all sites 
except those in Alaska, with reciprocal values (1/Pfankuch Index) calculated to enable 
higher scores to represent greater river channel stability. Water samples (100 mL) were 
collected for ex-situ optical turbidity and nutrient concentration analysis. A desktop 
turbidimeter (HACH 2100A) (Camlab, Cambridge, UK) was used for turbidity 
assessment and total nitrogen (TN) and total phosphate (TP) concentrations were 
identified using a Two Skalar San ++ Continuous flow auto-analyser. Dissolved organic 
carbon (DOC) and dissolved carbon (DC) were detected using an Analytik Jena Multi 
N/C 2100 elemental thermal oxidation analyser. All measurements and samples were 
collected at the time of cotton strip incubation, but nutrient information was unavailable 
for some sites (Appendix 1).   
  
5.2.2.2 Decomposition assay 
Following the CELLulose Decomposition EXperiment (CELLDEX) protocol of Tiegs et 
al. (2015a), rectangular cotton strips (8 cm x 2.5 cm) were created from > 95 % 
cellulose artist’s fabric (Fredrix Artist Canvas, Georgia, USA (unprimed 12-oz heavy-
weight cotton fabric, style #548)) (Tiegs et al., 2013). Strips comprised exactly 27 
threads, with 3 mm of fray along each edge. Cotton strips measure the capacity of river 
ecosystems to process cellulose (Imberger et al., 2010). While they may have a 
different nutrient content and physical structure to riparian and autochthonous inputs 
entering mountain rivers, the natural prevalence of cellulose in terrestrial and aquatic 
materials and the standardised form of the strips enabled between-site comparison of a 
decomposition process which may hold greater ecological relevance than leaf pack 
assays, given the minimal litter contribution to high-altitude rivers (Zah and Uehlinger, 
2001; Bayer et al., 2006; Tiegs et al., 2013; Tiegs et al., 2019). Cotton strips were 
stored in a sterile environment and transported flat to minimise damage and fraying. 
Control strips were created and transported identically but were returned without river 
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incubation. The number of control strips was approximately 15 % of the deployed strips 
in each region. In total, 450 cotton strips and controls were made, stored and analysed. 
 
At each site, four cotton strips were cable tied to nylon cord (1 m long, 3 mm wide) 
which was staked to the river bed in riffles at individual sites (Tiegs, 2015a). Rocks 
were placed upstream of each strip upon the cord, to keep them flat upon benthic 
sediments and aligned to the current. Points of similar water depth and turbulence were 
selected to ensure strips were influenced by comparable environmental conditions 
(Tiegs et al., 2013). A temperature logger recording hourly measurements was placed 
in a white plastic tube to shield it from solar radiation and abrasion and cable tied to 
one of the stakes at each site. For sites with high catchment glacier cover and highly 
unstable river beds, additional cotton strips (up to 6) were incubated and secured with 
steel rebar (300 mm long, 10 mm wide), to ensure some would remain in-situ for the 
experiment duration. 
 
Cotton strip assays were incubated for 37 days, or as close to this duration as field 
logistics and weather conditions permitted (min. 31 to max. 39 days). This period was 
designed to maximise the potential of achieving 50 % tensile strength loss, the point of 
decay at which cotton strips are believed to be colonised by the microbial community, 
but not shredding invertebrates (Tiegs et al., 2013). Cotton strips were excluded from 
analysis if found above the water level upon collection, or where hourly temperature 
measurements indicated intermittent exposure, as this prevented representation of 
exclusively aquatic decomposition processes. Strips were cut from their cable binders, 
gently cleared of debris, and a 2 cm subsample of one cotton strip from each river site 
was detached using sterilised scissors and preserved in 1 mL of RNAlater™ 
Stabilization Solution (ThermoFisher Scientific, Massachusetts, USA) (Tiegs, 2015c). 
These subsamples were stored at 4 °C for transport and then -80 °C in the laboratory 
prior to molecular analysis. All remaining strips were submerged in 100 % ethanol for 
30 s on site, to halt microbial activity (Tiegs, 2015b).  
 
5.2.3 Laboratory analysis 
5.2.3.1 Tensile strength determination 
All cotton strips, minus the subsamples, were oven dried (40 °C, 26 hrs) and stored 
within a desiccator prior to tensile strength determination. An advanced video 
extensometer (2663-821) (SN:5076) (Instron, High Wycombe, UK) was used to 
determine the maximum tensile strength of all incubated and control strips, extending 
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at a consistent rate of 2 cm min-1, with 1 cm portions of each strip end secured within 
the grips (Tiegs, 2015b). To calibrate the instrument, cotton strips constructed using 
the CELLDEX protocol but not transported or incubated, were tested until their break 
points aligned to a consistent range and the machine jaws were sufficiently adjusted to 
minimise slippage. The sample order was randomised, with control strips processed 
throughout the sample run to identify instrument drift. Room pressure and temperature 
were kept constant across sample runs, and multiple sites processed together to 
minimise variability of conditions between testing. Strips which broke along the point of 
contact with the machine jaws were excluded from analysis (n = 4, 0.9 %), as were 
those whose maximum tensile strength remained higher than the mean control strip 
value (n = 22, 5.0 %). For these strips, biological variation lay within the range of 
technical variation and the two could not be separated.  
 
5.2.3.2 Molecular methods  
DNA was extracted from a standardised 1.5 cm2 section of the 2 cm2 preserved cotton 
strip subsamples. Extraction followed the Cetyl Trimethylammonium Bromide protocol 
(Griffiths et al., 2000) and DNA was eluted into 50 ɥL of polymerase chain reaction 
(PCR) grade water (Invitrogen, Waltham, Massachusetts, USA). This approach was 
selected to enable rapid extraction and purification of DNA. The abundance of DNA in 
individual samples was quantified using the Quant-iT PicoGreen dsDNA assay kit 
(Invitrogen), to enable normalisation of all samples to 1 ng ɥL-1. 
 
Polymerase Chain Reaction (PCR) was performed to fragment DNA strands, isolate 
specific target regions and create multiple copies of these regions for sequencing 
(Illumina, 2013). Primer sets were annealed to the bacterial 16S rRNA gene, the fungal 
internal transcribed spacer region (ITS) and the fungal cellobiohydrolase I (cbhI) gene 
within DNA extracted from each cotton strip subsample. These regions were targeted 
to represent the bacteria and fungi present at each river site, as they are widely used 
for molecular analysis and are both stable and pervasive within their respective 
microbial communities (Herlemann et al., 2011; Toju et al., 2012). First stage PCR 
reactions were performed in a 25 ɥL reaction volume with 3 ɥL of DNA template, 12.5 
ɥL appTAQ RedMix (2X) polymerase (Appleton Woods Ltd, Birmingham, UK), 1 ɥL of 4 
ɥmol of each primer and 6 ɥL of PCR grade water. All PCR reactions also contained 
1.5 ɥL of 1 % bovine serum albumin (BSA) to remove inhibitors (e.g., humic acids) and 
increase the yield of PCR amplification (Kreader, 1995). To target the bacterial 16S 
rRNA gene, the primer sets Bakt_341F (5’-CCTACGGNGGCWGCAG -3’) and 
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Bakt_805R (5’-GACTACHVGGGTATCTAATCC-3’) were used (Herlemann et al., 2011) 
and for fungi, the ITS2 region was amplified using the ITS3_KYO2 primer (5’-
GATGAAGAACGYAGYRAA-3’) (Toju et al., 2012) and ITS4 primer (5’-TCCTCCGCTT 
ATTGATATGC-3’) (Gardes and Bruns, 1993). The fungal cbhI gene was targeted using 
the primer sets fungcbhIF (5’-CCAA[C,T]TGCTA[C,T]ACI[A,G]G[C,T]AA-3’) and 
fungcbhIR (5’-GC[C,T]TCCCAIAT[A,G]TCCATC-3’) (Edwards et al., 2008). All primer 
sets contained Illumina overhang adapters to ensure compatibility with the sequencing 
platform following PCR. PCR reactions were run on a 96 Well Thermo Cycler (Applied 
Biosystems, Warrington, UK) with the following PCR programmes used for the bacterial 
16S rRNA gene (95 °C for 3 min; 95 °C for 0.25 min; 57 °C for 15 s and 72 °C for 30 s 
for 30 cycles; 72 °C for 7 min) and the fungal ITS2 region (95 °C for 3 min; 95 °C for 15 
s; 51 °C for 15 s and 72 °C for 30 s for 35 cycles; 72 °C for 7 min). PCR amplicon 
libraries for each target region were then prepared separately for Illumina next-
generation sequencing (NGS) using an Illumina Nextera™ XT Library Prep Kit 
(Illumina, Cambridge, UK) and associated protocol (Illumina, 2013).    
 
NGS was performed on an Illumina MiSeq platform (Illumina, 2013), to determine the 
sequence of nucleotide base pairs present within each PCR amplicon (Illumina, 2013). 
Prior to loading onto the flow cell, quantification of each pooled amplicon library and the 
final pool containing multiple libraries, was determined using a NEBNEXT® Library 
Quant Kit for Illumina®. Sequencing of multiple amplicon libraries was achieved via 
multiplexing on the same run using an Illumina MiSeq reagent kit v3 (600 cycles) 
generating 300 bp paired end reads (Illumina, 2013). Samples for which Agarose gel 
electrophoresis indicated an absence of PCR amplicon were excluded from 
sequencing analysis (excluded bacteria: 32 samples; fungi: 46 samples) after 
confirmation of absence via quantitative Polymerase Chain Reaction (qPCR) targeting 
of the same regions. Despite optimisation of PCR annealing temperature, BSA 
addition, volume of DNA template and cycle number for each primer set, amplification 
of the cbhI gene was too low to support molecular sequencing at all river sites.  
 
qPCR was performed to determine the copy number (abundance) of specific DNA 
target regions present on each cotton strip subsample. As qPCR detects the 
abundance of DNA during the exponential phase of each PCR cycle, it provides a more 
accurate estimation in comparison to end point PCR (McKew and Smith, 2017). In turn, 
it was able to identify copy numbers for each of the target regions, including the cbhI 
gene, which had low PCR amplification. qPCR conditions were identical to PCR but 
 87  
 
 
primer sets did not contain Illumina overhang adapters. qPCR DNA standards were 
created from end point PCR amplification where the template DNA was 1 µL of DNA 
extract from all samples that had been pooled together. qPCR was performed 
separately for each target region, with each plate including a serial dilution of the 
purified standards ranging from 101 to 109, non-template (negative) controls and each 
sample, which were all included in triplicate. The assays were run on a CFX real-time 
system (Bio-Rad, Hercules, California, USA) and their conditions, reagents and the 
determination of copy numbers for each sample for each target region, followed 
McKew and Smith (2017). Resulting amplicons of the target regions were purified using 
a QIAquick PCR purification kit (Qiagen, Hilden, Germany) (McKew and Smith, 2017) 
and quantified using the Quant-iT PicoGreen dsDNA assay kit (Invitrogen). The copy 
numbers for each target region were then calculated cm-2.  
 
5.2.4 Data analysis 
5.2.4.1 Tensile strength loss determination 
Maximum tensile strength was calculated as a percentage of initial strength lost for 
each strip incubation period (Tiegs et al., 2013).  
 
Tensile strength loss= ((1-(
TSImax
TSCmean
)) x 100) /  incubation period (DD) 
Adapted from Tiegs et al. (2013, p.134) 
 
This equation uses the maximum tensile strength of each river incubated strip 
(TSImax) and the mean tensile strength of all control strips (TSCmean), unincubated 
but transported to specific regions. Temperature-adjusted degree-days (DD) were 
calculated by summing the mean temperatures recorded for each 24-hour period 
during the cotton strip incubation. This enabled temperature normalised comparison of 
tensile strength loss across regions, as mean river water temperature can vary 
dramatically on diurnal and seasonal timescales in glacierised catchments (Dickson et 
al., 2012). Percentage tensile strength loss was averaged across all replicate strips to 
provide a mean value per river site. Non-temperature-adjusted cellulose decomposition 
rates were determined by representing the incubation period in days, in place of 
degree-days. These values were compared to those reported for rivers in eleven other 
biomes (Tiegs et al., 2019). An Arrhenius plot was constructed to correlate these daily 
decomposition values to inverted relative mean water temperature following Tiegs et al. 
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(2019), to determine the influence of river temperature upon decomposition rates 
(Appendix 4.1).   
 
5.2.4.2 Bioinformatic analysis 
Paired-read amplicon libraries obtained from the Illumina sequencer were subjected to 
quality control, including sequencing trimming, error correction and the removal of 
poor-quality sequences and chimeric PCR artefacts, following Dumbrell et al. (2017). 
Classifications were then assigned to each sequence, to taxonomically classify the 
Operational Taxonomic Units (OTUs) determined from the amplicon libraries (Dumbrell 
et al., 2017). Data tables were produced detailing the abundance of OTU reads per 
sample site and the taxonomic classification of each OTU. For fungi (ITS), trophic 
mode and a confidence ranking describing this assignment were identified for each 
OTU utilising the FUNGuild database (Nguyen et al., 2016). Additional tables were 
constructed to host associated environmental information.   
 
5.2.4.3 Ecoinformatic analysis 
Negative controls were removed from OTU tables following confirmation that 
contamination was negligible (bacteria: 6 to 12 reads; fungi: 1 to 8 reads). Three sites 
containing very low numbers of sequences (1, 41 and 84 reads) were also removed 
from the fungal (ITS) OTU tables and all samples rarefied to the smallest library size. 
Rarefaction was selected in preference to alternative procedures of normalisation as an 
effective method to standardise differential library sizes for microbial data (Weiss et al., 
2017). Therefore, OTU abundance referred to the abundance of reads/sequences 
recorded for each OTU, relative to the minimum library size. Subsets of the fungal (ITS) 
OTU table were created to represent only OTUs with saprotrophic trophic modes. 
Further subsets were created for members of the phylum Ascomycota, order 
Saccharomycetales and genus Tetracladium, as they have previously been identified to 
encompass saprotrophic aquatic hyphomycetes adapted to glacier-fed freshwater 
environments (Wang et al., 2015; Zang et al., 2016).  
 
5.2.4.4 Statistical analysis 
Generalised linear models (GLM) and generalised additive models (GAM) were used to 
test linear and non-linear relationships between catchment glacier cover (fixed effect) 
and the following response variables: percentage tensile strength loss, the qPCR 
determined abundance of bacterial (16S), fungal (ITS) and cbhI gene amplicon copy 
numbers, the abundance of fungal OTUs classified as Ascomycota, 
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Saccharomycetales, Tetracladium or saprotrophic, physicochemical variables (mean 
river water temperature, 1/Pfankuch Index, EC, pH, optical turbidity) and nutrient 
concentrations (TN, TP, DOC, DC) across the six study regions. GAMs were also 
constructed to test the effect of fungal (ITS) and cbhI copy number on tensile strength 
loss. Models were computed in the mgcv package of R v. 3.3.2 (Wood, 2011), with best 
fit evaluated using Akaike information criterion (AIC) values and performance assessed 
through the percentage of deviance explained. For GAM, smoothing parameter 
selection followed (Wood, 2004), with Gaussian and Negative binomial distributions 
identified. The mgcv package was also used to construct generalised linear mixed 
models (GLMM) and generalised additive mixed models (GAMM) to incorporate the 
effect of absolute latitude (random effect). Some mixed models did not include data 
collected in Alaska, France and New Zealand due to low (n = < 5) sample numbers. 
The influence of latitude was considered to be statistically significant if mixed models 
produced lower AIC values relative to fixed effect only models. The manyglm function 
of the mvabund package of R (Wang et al., 2018) was used to fit GLMs (Poisson) to 
individual OTU responses to catchment glacier cover and tensile strength loss, with 
relationship significance determined from Wald statistics. The taxonomically classified 
OTUs which correlated significantly to these parameters were further investigated 
using the UNITE Community Database (Nilsson et al., 2018). Statistical analysis was 
performed with and without river sites influenced by proglacial lake inputs, as noted 
from aerial photography, as the presence of upstream lakes has been found to 
accelerate leaf litter decomposition rates in glacier-fed rivers (Robinson et al., 1998; 
Robinson and Gessner, 2000).    
 
5.3 Results 
5.3.1 Environmental parameters 
For the six glacierised regions combined, there were significant correlations between 
catchment glacier cover and mean river water temperature, and tensile strength loss 
and pH, TP and DC (Table 5.1). Fungal (ITS) copy number was related significantly to 
pH and dissolved carbon concentrations (DC, DOC), while significant relationships 
between bacterial (16S) copy number and environmental parameters remained absent 
across sampled river sites. The abundance of saprotrophic fungal OTUs was 
associated significantly with mean river water temperature, 1/Pfankuch Index, TN, TP, 
DC and DOC concentrations, and cbhI gene copy numbers with mean river water 
temperature, pH, turbidity and DC (Table 5.1). There were also significant relationships 
between the abundance of Ascomycota OTUs and mean river water temperature, 
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turbidity, 1/Pfankuch and DOC and between genus Tetracladium and TN and TP 
concentrations. The order Saccharomycetales was not related significantly to any 
environmental parameters (Table 5.1).    
 
5.3.2 Microbial community and cellulose decomposition 
Reductions in catchment glacier cover were associated with a globally consistent 
pattern of increased fungal (ITS) copy number (Figure 5.2a), with non-linear increases 
in the abundance of OTUs for fungal subgroups, including the phylum Ascomycota 
(Figure 5.2c), genus Tetracladium (Figure 5.2d) and taxa classified as hosting 
saprotrophic trophic modes (Figure 5.2e) (FUNGuild database, Nguyen et al., 2016). 
Bacterial (16S) copy number remained consistent across the glacier cover gradient 
(Figure 5.2b). At a taxon-scale, the abundance of four bacterial (16S) and eighteen 
fungal (ITS) OTUs were related significantly to catchment glacier cover, with four 
bacterial (16S) and one fungal (ITS) OTUs correlated significantly to tensile strength 
loss (Appendix 4.2). As 252 bacterial (16S) and 283 fungal (ITS) OTUs were found 
exclusively > 52 % glacier cover, approximately 7 % of the bacterial (16S) and 27 % of 
the fungal (ITS) community were restricted to high glacier cover river sites. 
 
The functional cbhI gene copy number increased significantly with glacier loss across 
all regions (Figure 5.2f), showing a marked increase below approximately 40 % glacier 
cover. Both cbhI gene and fungal (ITS) copy numbers were associated with greater 
tensile strength loss (Figure 5.2g, h). There was no significant correlation between 
catchment glacier cover and cotton strip tensile strength loss across all regions (Figure 
5.3a). However, there was a significant linear decrease in tensile strength loss with 
reductions in catchment glacier cover for river sites which supported microbial 
amplification (bacteria (16S), fungi (ITS)) but not cbhI gene copy numbers (Figure 
5.3b). River sites where the cbhI gene was found on cotton strip assays were identified 
across the gradient of catchment glacier cover, as were those lacking microbial 














































Figure 5.2 Globally synchronous GLM/GAM relationships between catchment glacier cover, 
tensile strength loss of river incubated cotton strips and abundance of their cotton assay 
microbial communities. (a) Increasing fungal (ITS) copy numbers with declining catchment 
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glacier cover, (b) bacterial (16S) copy numbers with decreasing glacier cover, (c) non-linear 
increase of Ascomycota OTU abundance with reducing glacier cover, (d) unimodal response of 
Tetracladium OTU abundance with glacier ice loss, (e) increasing saprotrophic fungal OTU 
abundance with declining in glacier cover, (f) increasing cbhl amplicon copy numbers with ice 
loss, (g) linear increase in tensile strength loss with increasing fungal (ITS) copy numbers and 
(h) increasing tensile strength loss with increasing cbhl gene copy numbers. There were no 
microbial amplicons identified at river sites in the Alaska Boundary Range. Copy number = ln 
copy number cm-2. DD = degree-days (Section 5.2.4.1). Sample numbers vary as bacterial 
(16S), fungal (ITS) and cbhI copy numbers were not present at all river sites.  
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Table 5.1 GLM/GAM model summary statistics for relationships between catchment glacier 
cover (%), tensile strength loss (%) (lbs/ degree-day), microbial qPCR copy numbers (ln copy 
number cm-2) (bacteria = 16S, fungi = ITS, cbhI gene), fungal OTU abundance (Ascomycota, 
Tetracladium, saprotrophs) and environmental parameters (Temp = water temperature (°C)) for 
six glacierised regions. Relationships are displayed in Figure 5.2 and Appendix 4.5. 
Independent/ 
dependent variables 
Model χ2/ F p-value Deviance 
explained (%) 
  Catchment glacier cover (%) (%glac)    
%glac vs ITS 









%glac vs Ascomycota GAM (Negative binomial) 14.99 < 0.001 *** 13.5 
%glac vs Tetracladium GAM (Negative binomial) 386.10 < 0.001 *** 23.1 
%glac vs saprotroph GAM (Negative binomial) 305.70 < 0.001 *** 28.9 
%glac vs cbhI gene GAM (Gaussian) 18.88 < 0.001 *** 65.4 
%glac vs temp GLM (Gaussian) 40.03 < 0.001 *** 45.5 
  Tensile strength loss (%) (lbs/DD)    
cbhI vs TS loss GLM (Gaussian) 20.25 < 0.001 *** 65.4 
ITS vs TS loss GLM (Gaussian) 7.66 0.014 * 32.4 
pH vs TS loss GLM (Gaussian) 10.07 0.003 ** 17.3 
TP vs TS loss 









  Environmental parameters    
Temp vs Ascomycota GLM (Gaussian) 4.89 0.039 * 20.5 
Temp vs cbhI gene GLM (Gaussian) 5.04 0.038 * 22.9 
Temp vs saprotroph GAM (Negative binomial) 170.70 < 0.001 *** 20.4 
pH vs cbhI gene GLM (Gaussian) 5.66 0.027 * 21.2 
pH vs ITS GLM (Gaussian) 7.21 0.015 * 27.5 
Turbidity vs Ascomycota GAM (Negative binomial) 11.47 0.003 ** 10.1 
Turbidity vs cbhI GAM (Gaussian) 5.78 0.011 * 37.9 
1/Pfankuch vs Ascomycota GAM (Negative binomial) 12.07 0.002 ** 10.3 
1/Pfankuch vs saprotroph GAM (Negative binomial) 39.48 < 0.001 *** 6.1 
DC vs cbhI GLM (Gaussian) 8.79 0.014 * 46.8 
DC vs ITS GLM (Gaussian) 8.09 0.015 * 40.3 
DC vs saprotroph GAM (Negative binomial) 52.63 < 0.001 *** 21.5 
DOC vs Ascomycota GAM (Negative binomial) 7.21 0.027 * 37.1 
DOC vs ITS GLM (Gaussian) 8.15 0.015 * 40.5 
DOC vs saprotroph GAM (Negative binomial) 38.31 < 0.001 *** 13.1 
TP vs saprotroph GAM (Negative binomial) 20.81 < 0.001 ** 4.6 
TP vs Tetracladium GLM (Gaussian) 5.05 0.036 * 20.2 
TN vs saprotroph GAM (Negative binomial) 37.65 < 0.001 *** 6.4 
TN vs Tetracladium GLM (Gaussian) 4.43 0.048* 17.4 
 
 94  
 
 
Figure 5.3 Relationships between tensile strength loss and reducing catchment glacier cover 
for (a) all sampled river sites and (b) sites hosting qPCR amplification (copy numbers). Sites are 
separated to highlight those which supported all microbial amplicons (16S, ITS, cbhI), presence 
of 16S and ITS amplicons but not the cbhI gene, and an absence of all copy numbers. The 
significant linear relationship between glacier cover and sites with only 16S and ITS 
amplification (no cbhI gene) is illustrated (GLM (Gaussian): F = 12.57, p-value = 0.006 **, 
deviance explained = 58.3 %).   
 
The significance of relationships displayed in Figure 5.2 were not altered by removal of 
river sites influenced by proglacial lake inputs (Appendix 4.3), or inclusion of absolute 
latitude as a random effect. GLMM and GAMM consistently produced higher AIC 
values than comparative fixed effect models (Appendix 4.4). An Arrhenius plot 
illustrated that there was no significant relationship between mean river water 
temperature and daily cellulose decomposition rates (Appendix 4.1). Non-temperature-
adjusted cellulose decomposition rates were within the range of those documented for 
rivers in a diversity of tropical and temperate biomes, yet also hosted the lowest values 




























Figure 5.4 Comparison of log10 daily cellulose decomposition rates (kD) in glacierised mountain 
rivers (red) and rivers representing eleven other biomes (grey). The kD values represent the 
potential capacity of each river ecosystem to decompose cellulose, when unadjusted for water 
temperature. Adapted from Tiegs et al. (2019).    
 
5.4 Discussion  
The loss of glacier ice is a pattern characteristic of most mountain regions worldwide 
(Huss and Hock, 2018). This study identified that glacier retreat is driving globally 
coherent increases in the copy number of river fungi (ITS) and their cbhI gene, which 
are associated significantly with the accelerated decomposition of cellulose in 
deglaciating regions. In turn, this study provided new understanding of the linkages 
between microbial biodiversity and ecosystem functioning in mountain rivers. Findings 
suggested that such cryospheric changes can be expected to drive large-scale 
alterations in river carbon cycling, by enhancing the conditions for aquatic fungal 
decomposition of particulate carbon.  
 
5.4.1 Environmental parameters 
The warming of river waters associated with decreasing catchment glacier cover and 
ice melt contributions is well documented (Milner and Petts, 1994; Milner et al., 2001). 
Increasing water temperature was correlated significantly to enhanced abundance of 
fungal OTUs (Ascomycota, saprotrophs) and their cbhI gene copy numbers, a 
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response which may underpin the sensitivity of ecosystem metabolism to water 
temperature (Follstad Shah et al., 2017). Ulseth et al. (2018) noted that reduced snow 
melt inputs increased river ecosystem respiration, resulting in accelerated carbon 
processing rates and supporting the findings of this study. Fungal abundance (ITS copy 
numbers, Ascomycota and saprotroph OTU abundance) was correlated negatively with 
DOC, potentially as greater numbers of taxa were available to catabolise OM. In 
addition, at low glacier cover river sites where fungal abundance was greatest, their 
community respiration may have been proceeding faster in the comparatively warmer 
waters, processing carbon at an accelerated rate. Alongside water temperature, global 
patterns of increased Ascomycota OTU abundance were also correlated significantly 
with increased channel stability and reduced turbidity, contributing to the acceptance of 
H1. These parameters have previously been identified to enhance microbial abundance 
in glacier-fed rivers (Robinson et al., 1998; Wilhelm et al., 2013; Eisendle-Flöckner et 
al., 2013). As supported by previous research, increase in nutrient concentrations (TP, 
TN) correlated to both a proliferation of saprotrophic fungal abundance (saprotroph and 
Tetracladium OTU abundance) and accelerated decomposition rates (tensile strength 
loss, TP) (Robinson and Gessner, 2000; Yue et al., 2016). Cotton strip assays provided 
a locally unlimited carbon source throughout their incubation period in the studied 
mountain rivers, where particulate OM supply is naturally low and patchily distributed 
across sediment microhabitats (Singer et al., 2012). As such, this study was able to 
investigate the effects of catchment glacier cover and its associated physicochemical 
variables upon cellulose decomposition rates while constraining the potentially 
confounding influence of resource supply.   
 
5.4.2 Microbial community and cellulose decomposition 
There was no correlation between bacterial (16S) copy number and both declining 
glacier cover and the environmental parameters underpinning glacier influence. This 
was potentially due to the short incubation period of cotton strip assays, as aquatic 
fungi often dominate the initial microbial colonisation of complex materials, and this 
conditioning may be a prerequisite for increased bacterial abundance (Bayer et al., 
2006). Benthic sediments and biofilms have previously been documented to host 
higher bacterial cell abundances in groundwater dominated streams than glacier-fed 
channels (Battin et al., 2004; Freimann et al., 2013). In turn, longer cotton assay 
incubation times may be required to further investigate the contribution of bacteria to 
OM processing in glacierised catchments, which may currently be underestimated 
(Glassman et al., 2018). Taxa of the order Cytophagales and genus Flavobacterium 
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may drive bacterial cellulose decomposition in deglaciating catchments, as increases in 
their OTU abundance were significantly associated with increased tensile strength loss 
across the six sampling regions (Appendix 4.2). Nevertheless, the incubation of cotton 
strips provided a valuable mechanism for investigating the effect of fungal colonisation 
on decomposition rates in glacier-fed rivers.    
 
Multi-region increases in fungal copy number despite the absence of a bacterial 
response enabled only partial acceptance of H1. Peaks in the abundance of 
Tetracladium and saprotrophic fungal OTUs at approximately 30 % glacier cover align 
with the intermediate disturbance theory (Townsend et al., 1997). This could be 
attributable to reductions in both the harsh abiotic environmental conditions sustained 
at high glacier cover river sites and the intensive competition imposed at low cover 
sites, as previously identified for the abundance (Khamis et al., 2016) and richness 
(Jacobsen et al., 2012; Cauvy-Fraunié et al., 2014) of glacier-fed river invertebrates. 
Despite global increases in overall fungal (ITS) copy number with glacier decline, the 
abundance of taxa previously identified to inhabit glacier-fed streams and ice 
environments, including Helotiales and Ascomycota species (Czeczuga and Orlowska, 
1999; Wang et al., 2015; Zhang et al., 2016), may be reduced by reductions in glacier 
cover, unless the increase in water temperature induced by ice loss does not exceed 
the tolerances of these specialists. The OTU abundance of psychrophilic species was 
noted to both increase (Lemonniera centrosphaera, Tetracladium marchalianum) and 
decrease (Tetracladium spp., Leotiomycetes, Ascomycota) with reducing glacier cover 
(Appendix 4.2) and further research is required to detail the occurrence of such taxa in 
river habitats, such as sediments.         
  
While amplification of the cbhI gene at river sites cannot confirm its expression, the 
significant association between copy number and tensile strength loss suggested that 
across the six glacierised regions, increases in this functional gene were associated 
with increased cellulose decomposition, leading to acceptance of H2. Greater 
significance and model fit (Table 5.1) for the relationship between tensile strength loss 
and cbhI gene copy number in comparison to fungal (ITS) copy number suggested that 
microbial traits were a stronger predictor of ecosystem function than taxonomy (Green 
et al., 2008). Amplification of the cbhI gene across the gradient from 0 to 80 % 
catchment glacier cover in multiple mountain regions illustrated the pervasiveness of 
fungal catabolism of OM. These findings are supported by previous work on alpine 
rivers in the Val Roseg catchment, Switzerland, which used leaf pack assays (Gessner 
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et al., 1998; Robinson et al., 1998). Here, a reduction in fungal biomass at proglacial 
sites was observed but there was a cold-adapted, saprotrophic fungal community 
present, despite harsh physicochemical conditions (Gessner et al., 1998; Robinson et 
al., 1998). This research unpicks the genetic basis of the observed decomposition 
function for the first time, and shows it to be globally coherent. Increase in cbhI gene 
amplicon copy number accelerated below approximately 40 % glacier cover, despite 
concurrent reductions in the abundance of saprotroph OTUs, which may reflect 
limitations in understanding of trophic mode for many fungal taxa (Nguyen et al., 2016). 
However, significant associations between tensile strength loss and catchment glacier 
cover for river sites hosting microbial (16S, ITS) but not cbhI amplification suggested 
that additional cellulolytic enzymes may be contributing to cotton strip hydrolysis 
alongside cellobiohydrolase I (Figure 5.3b).   
 
The fungal communities of glacier-fed rivers have previously been found to drive OM 
processing rates comparable to temperate river systems (Gessner et al., 1998). This 
was supported by this study, as although decay of cotton strips cannot be directly 
compared to that of leaf packs, the daily cellulose decomposition rates identified across 
all sampled rivers (log10 mean: -1.70, log10  range: -1.25 to -3.22) illustrated that while 
three assays hosted the lowest tensile strength loss reported for rivers of any biome, 
values for many glacierised mountain rivers were in alignment with cotton strips 
incubated in rivers of temperate grassland and tropical savanna (Tiegs et al., 2019). 
Tensile strength loss may have been reduced for three glacier-fed rivers due to low 
cotton strip colonisation rates, with amplification of fungi (ITS) and the cbhI gene 
observed only at 34 % of river sites. Colonised strips supported low fungal (ITS) OTU 
numbers, with a total of 1056 OTUs identified, and the mean number per region 
ranging from 60 (Southern Alps, New Zealand) to 129 (Eastern Alps, Austria). This was 
reduced even in comparison to glacier-fed rivers in Svalbard (162 OTUs), but microbes 
were obtained from water samples rather than incubated cotton assays (Zhang et al., 
2016). Tensile strength loss rates may have been comparable to rivers in other biomes 
as cold freshwaters have previously been identified to host leaf pack decay rates 
similar to streams with greater water temperatures and nutrient concentrations 
(Cristiano et al., 2019). This suggested that other environmental drivers and/or 
biological interactions might influence OM processing rates (Cristiano et al., 2019), 
concurrently to temperature sensitive fungal catabolism. These processes may have 
contributed to absence of a significant relationship between non-degree-day adjusted 
cellulose decomposition rates and river water temperature across sampled river sites. 
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Furthermore, although low sample numbers in some regions may have prevented 
observation of significant trends, cold adaptation in decomposer communities may 
explain why no latitude effect was evident, despite previous studies showing strong 
effects on river fungi communities (Seena et al., 2019).  
 
Tensile strength loss was observed at river sites for which microbial amplification was 
absent (20 river sites), suggesting that processes other than microbial decomposition 
could be important contributors. Physical abrasion at some sites was likely to have 
been enhanced where strips became dislodged from their initial position in contact with 
the river bed, exposing them to turbulence in the water column, repeated collisions with 
the bed and reducing contact (thus colonisation potential) with benthic biofilms. 
Additionally, this study did not exclude invertebrates from the cotton strips. However, 
aquatic shredders preferentially select preconditioned substrates for their increased 
palatability and incubation periods have previously been identified as insufficient for the 
established microbial community to create this environment (Tiegs et al., 2007). Some 
Chironomidae were found upon cotton strips but they are likely to have used them as 
refuge sites or for grazing of colonised fungi and bacteria, rather than as direct food 
sources, as identified for leaf pack assays deployed in alpine streams (Gessner et al., 
1998). Archaea may also decompose OM in rivers but their role is currently poorly 
understood (Manerkar et al., 2008).  
 
Absence of a significant relationship between tensile strength loss and catchment 
glacier cover led to rejection of H3. This lack of correlation may be underpinned by the 
simultaneous operation of biological (cbhI gene) and non-biological (no microbial 
amplification) mechanisms of cellulose decomposition throughout the gradient of 
glacier cover. Previous global assessments of river leaf litter decomposition have 
encountered difficulty in linking decay rates to components of climate change (water 
temperature increases) due to complex, interacting decay mechanisms (Boyero et al., 
2011). By focusing analysis of decomposition rates upon cotton strip assays, which 
were known to be colonised by fungi (Tiegs et al., 2013), it was possible to identify the 
biological basis of decomposition. However, physical and biological processes will have 
interacted at some sites, with the presence of cbhI gene amplicons not predicating 
absence of physical degradation and absence of microbial amplification not excluding 
the contribution of additional biological drivers (e.g., Archaea, alternative cellulase 
enzymes, microbes currently unclassified in the FUNGuild database (Nguyen et al., 
2016), microbes not yet recognised as saprotrophic). Future use of cotton strip assays 
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should consider ways to minimise the contribution of physical breakdown processes 
(e.g., protection within mesh) with greater certainty.  
 
5.4.3 Evaluating the suitability of cotton strip assays for mountain river systems 
Glacier-fed rivers are characterised by high flow variability, supporting both flood 
events and intermittent flows, alongside high turbidity, sediment mobility, suspended 
sediment concentrations and low mean water temperatures (Milner et al., 2017) which 
may have physically degraded cotton strips and limited their microbial colonisation. The 
approximate 37 day incubation period may have been insufficient for cotton strips to 
reach 50 % tensile strength loss, particularly at the coldest river sites, limiting sensitivity 
of the decomposition measurements using an extensometer. Despite steps to promote 
cotton strip and data logger retention (Section 5.2.2.2), exposure of strips during this 
incubation period to harsh physicochemical conditions and flow variability prevented 
the recovery of a further 97 cotton strips (18 additional river sites) originally deployed 
across three of the regions, resulting in a retrieval rate of approximately 72 %. 
However, alternative aquatic decomposition assays (e.g., leaf packs, tea bags) would 
have been exposed equally to these conditions and the comparatively streamlined 
shape of cotton strips may have minimised their detachment. Doubling the number of 
replicate strips recommended by the CELLDEX protocol (Tiegs, 2015a) and sampling 
multiple river sites representative of singular catchment glacier cover percentages may 
improve the suitability of cellulose assays for measuring aquatic decomposition in 
glacier-fed rivers. Cotton strips hold high biological relevance in these allochthonous 
energy limited systems and facilitated successful microbial profiling. However, any 
extension of the incubation period must be weighed against increased risk of non-
retrieval.  
 
5.4.4 Wider implications and further research 
This research was the first to investigate cellulose decomposition rates in glacierised 
mountain rivers, and to assess their response to global reductions in catchment glacier 
cover. Extension of the CELLDEX protocol into glacier-fed streams delivered a 
standardised, ecologically relevant decomposition assay suitable for microbial profiling, 
provided that increased cotton strip numbers, site replicates and stabilising equipment 
were used. Aquatic cellulose decomposition appeared to be influenced by copy number 
of the cellobiohydrolase I gene, and as declining catchment glacier cover drove global 
increases in the copy number of both fungal taxa and subsequently cbhI gene 
amplicons, glacier retreat may accelerate OM decomposition rates in glacierised 
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catchments. At a multi-regional scale, catchment glacier cover and cellulose 
decomposition were not correlated significantly, potentially because physical 
fragmentation decay mechanisms were difficult to control across the gradient of glacier 
cover. Cotton assays contribute to the standardised investigation of organic carbon 
processing rates in rivers (Tiegs et al., 2019) which is of critical importance given the 
role of freshwater decomposition in the global carbon cycle (Battin et al., 2008; 
Raymond et al., 2013). Previous studies documented that glacier retreat will increase 
dissolved organic carbon availability to downstream habitats and CO2 to the 
atmosphere through modification of biofilm community structure and metabolism (Battin 
et al., 2004; Singer et al., 2012; Ulseth et al., 2018). This study advances 
understanding of this role of fungal taxa by quantifying a functional mechanism (cbhI 
driven decomposition of cellulose) which will accelerate this ecosystem response with 
sustained ice loss. Further research should consider the implications of this altered 
carbon cycling for the trophic energy transfer of benthic food webs (Tank et al., 2010), 
in the context of changing OM provision in mountain catchments, as herbaceous 
riparian vegetation communities colonise and expand with glacier retreat (McKernan et 
al., 2018).      
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Chapter Six: Alpine river ecosystem response to glacier 
retreat: current scientific understanding and proposed 
future research directions  
 
6.1 Introduction  
This chapter synthesises the key findings of this thesis in the context of current 
scientific understanding regarding the response of alpine river ecosystems to glacier 
retreat. The original contributions of each analytical data chapter are reviewed to 
address the four objectives underpinning this research. Information is then collated 
from across these chapters and recently published literature to refine the conceptual 
models presented in Chapter Two and, in turn, describe the application of thesis 
findings to alpine river research and conservation strategy. Limitations of the research 
approach and individual chapters are discussed and future study recommendations 
proposed. This discussion concludes by summarising the principal contributions of this 
thesis to the understanding of alpine river ecosystem response to glacier retreat.      
 
6.2 Objective 1: Analytical research synopsis 
Chapter Two developed a novel conceptual understanding of the multitrophic 
responses of alpine river communities to reducing catchment glacier cover (Objective 
1). The literature synthesis underpinning development of this model highlighted three 
critical research gaps. First, there was requirement to extend focus beyond river 
macroinvertebrates, to ensure the responses of additional taxonomic groups (e.g., 
microbes, diatoms, protists, vertebrates) were described in detail. Previous research 
suggested that some groups were highly sensitive to reductions in catchment glacier 
cover (Rott et al., 2006; Gesierich and Rott, 2012; Eisendle-Flöckner et al., 2013); 
supported endemic species vulnerable to the associated physicochemical alterations 
(Falasco and Bona, 2011; Biffi et al., 2016) and yet made important contributions to 
ecosystem functioning in glacierised catchments (Gessner et al., 1998; Rott et al., 
2006; Ulseth et al., 2018; Tiegs et al., 2019). In turn, Chapter Three quantified the 
implications of declining glacier cover for benthic diatom assemblages, the principal 
primary producers in alpine river systems (Objective 2). Second, the simultaneous and 
interacting responses of aquatic biota needed to be considered collectively, as 
taxonomic groups are not impacted by glacier retreat in isolation (Woodward et al., 
2010b). Furthermore, species responses are often dissimilar to those of higher levels of 
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biological organisation (Appendix 5.1). Chapter Four therefore described the influence 
of reducing glacier cover on alpine river food web structure and allometry, to capture 
network-scale responses (Objective 3). Third, previous studies highlighted the 
importance of considering the relationship between biodiversity and ecosystem 
functioning (Cardinale et al., 2000; Besemer, 2015), as aquatic community structure 
and processing may respond differently to the natural environmental perturbations 
imposed by glacier retreat. Much less is known of how freshwater ecosystem function 
rates will be influenced by glacier retreat. Consequently, Chapter Five investigated 
links between microbial community abundance and cellulose decomposition rates 
across six glacierised regions (Objective 4).  
 
The three analytical data chapters were intrinsically linked. The influence of declining 
catchment glacier cover on food web structure modifies trophic interactions between 
consumer and resource communities, altering benthic diatom and microbial 
assemblages. For aquatic fungi, increased abundance was associated with increased 
cellulose decomposition rates. Furthermore, organic matter decay, alongside primary 
production, drives and mediates energy supply to alpine river food webs. Increasing 
abundance of basal taxa appeared to induce successional rewiring of these freshwater 
networks. Bottom-up processes predominantly influenced river food web assembly, 
altering their structure, allometry and trophic interactions with reductions in glacier 
cover.   
 
6.2.1 Objective 2: Response of benthic diatom biodiversity to declining 
catchment glacier cover  
Chapter Three quantified the response of alpine benthic diatom biodiversity to a 
gradient of declining catchment glacier cover in the European Alps (Objective 2). 
Through collection, identification and numeration of diatom valves from rivers of the 
Eisboden, Obersulzbach and Rotmoos valleys in the central Austrian Alps, this study 
determined assemblage- and taxon-scale biodiversity responses to declining glacier 
cover and the environmental parameters underpinning this gradient. The impact of 
glacier recession upon biofilm taxa remains less studied in comparison to other aquatic 
biodiversity (Battin et al. 2016; Fell et al., 2017), but this research identified that their 
responses aligned closely to those of additional taxonomic groups, including 
macroinvertebrates. For example, reductions in catchment glacier cover were 
associated with significant increases in taxonomic richness, valve density and Shannon 
diversity but unimodal declines in within-site turnover (total dissimilarity) and linear 
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decreases in between-site nestedness. This pattern of increased α-diversity but 
reduced β-diversity was previously identified with glacier recession for 
macroinvertebrates (Brown et al., 2007b; Jacobsen et al., 2012) and bacterial 
communities (Wilhelm et al., 2013). This thesis confirmed increases in taxonomic 
richness with ice loss for these taxonomic groups, alongside benthic diatoms (Appendix 
5.2). This illustrated uniformity of response to reducing ice melt inputs and the 
accompanying homogenisation of river habitats (Khamis et al., 2016). In addition, 
alterations to diatom assemblage composition as glacier cover declined were strongly 
associated with increasing channel stability, similar to macroinvertebrate communities 
in glacier-fed rivers (Milner and Petts, 1994; Milner et al., 2001). Although resilient to 
high flows, bed mobility can damage and detach biofilm architecture, limiting 
succession of communities in response to both meltwater pulses and precipitation 
driven flood events, as identified in the Rotmoos catchment (Hieber et al., 2001; 
Wellnitz and Rader, 2003; Bona et al., 2012; Fell et al., 2018). This research provided 
further evidence that aquatic taxa are responding in similar ways to reducing glacier 
cover, potentially due to the comparable biotic implications of physicochemical drivers 
or through strong food web linkages.    
 
At a species-scale, benthic diatoms illustrated a spectrum of responses to declining 
glacier cover, with taxa facing habitat loss or expansion based upon their positioning 
along the chronosequence. For example, Caloneis lancettula and Eunotia trinacria 
were identified exclusively at river sites ≥ 52 % glacier cover, where their low motility 
may drive genetic isolation given the fragmented nature of deglaciating headwaters 
(Dong et al., 2016; Lange-Bertalot et al., 2017). While six taxa found only in rivers ≥ 28 
% glacier cover may also become threatened by continued ice loss, seven species 
confined to river sites without glacier cover could experience an upstream proliferation 
of their habitat conditions with reducing ice melt inputs (Table 6.1), as previously 
documented for alpine river macroinvertebrates (Lencioni, 2018). Diatom taxa 
associated with low or no glacier cover hosted greater valve densities and a broader 
range of growth forms (chain-forming, high motility), suggesting more mature, stable 
biofilms in comparison to high glacier cover sites. This potentially supported greater 
rates of primary production and aligned to the proliferation of basal taxa and production 
driven food web assembly identified < 26 % glacier cover in Chapter Four. As alpine 
river food webs are primarily supported by this autochthonous energy supply with 
limited riparian subsidy (Zah and Uehlinger, 2001), the identified alterations to river 
diatom biodiversity in response to reducing catchment glacier cover could influence the 
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reorganisation of whole aquatic networks and provide new insight into the 
understanding of resource-base dynamics in deglaciating catchments. 
Table 6.1 River macroinvertebrates, diatoms and microbes which may benefit or be imperilled 
by sustained reductions in catchment glacier cover. Potential ‘winners’ were taxa identified 
exclusively at river sites with 0 % catchment glacier cover and potential ‘losers’ those only at 
river sites > 28 % glacier cover. Sites above this threshold are threatened by continued 
deglaciation, with many catchments in the Austrian Alps already supporting glacier ice below 
this percentage of cover (Koboltschnig and Schöner, 2011). This information can act as an 
initial guide to taxa responses but further study is required to determine their adaption capacity 
or presence in alternative habitats.    
 
6.2.2 Objective 3: Response of river food webs to declining catchment glacier 
cover 
Chapter Four investigated alterations to the structure and allometry of alpine river food 
webs along a chronosequence of declining catchment glacier cover in the central 
Austrian Alps (Objective 3). Nine new river food webs were constructed from gut 
contents analysis and described using connectance and trophic descriptors. This study 
was the first to document the rewiring of river food webs along the natural successional 
gradient imposed by glacier retreat. Reducing catchment glacier cover increased node 
number, mean chain length and community span, with the rate of increase accelerated 
below a threshold of approximately 26 % glacier cover. This ‘tipping point’ was 
underpinned by a proliferation of basal taxa abundance and biomass, potentially due to 
Taxa ‘Winners’ ‘Losers’ Source 
























Microbes 97 fungal (ITS) OTUs: 
e.g., Meliniomyces spp. 
Cistella spp. 
Pleosporales spp. 
435 bacterial (16S) OTUs: 
e.g. Mucilaginibacter spp. 
Fibrobacter spp. 
Luteolibacter spp. 
557 fungal (ITS) OTUs: 
e.g. Tetracladium spp. 
Cistella spp. 
Itersonilia perplexans 
459 bacterial (16S) OTUs: 
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the attenuation of meltwater influence (Hieber et al., 2001; Rott et al., 2006; Battin et 
al., 2016). Above 26 % glacier cover, food web assembly may have been controlled by 
the disturbance regime imposed by ice melt, but below this threshold, these inputs 
appear sufficiently reduced to enable donor-controlled mechanisms to dominate. 
Proglacial lake inputs were found to accelerate the succession of a river food web 
beyond this threshold, despite the site watershed hosting 42 % glacier cover. Lakes 
have previously been noted to increase mean water temperature and channel stability, 
aligning macroinvertebrate (Milner and Petts, 1994; Brittain et al., 2001; Milner et al., 
2001) and algal (Hieber et al., 2001) community composition to those associated with 
non-glacial river reaches. For the first time, geomorphic context was also identified to 
modify food web descriptors, such as linkage density and mean trophic vulnerability, to 
be comparable to those for low cover river sites. Despite low directed connectance, 
small-world topology and the shortest reported river food chain lengths, structural 
reorganisation of food webs along the glacier cover gradient did not result in the 
extirpation of pioneer species such as Diamesa cinerella, Diamesa goetghebueri and 
members of the Baetis alpinus group (found ≥ 36 % catchment glacier cover). 
Colonising species were also found at low glacier cover river sites and retained many 
of their feeding linkages, suggesting that the tolerance assembly mechanisms 
previously documented for river invertebrates (Milner and Robertson, 2010; Brown and 
Milner, 2012) might function across whole food webs.  
 
Food web metrics did not align to the predictions of metabolic theory, with scaling 
coefficients representing individual and species-averaged mass-abundance 
regressions higher (shallower slopes) than expected (Brown et al., 2004), despite 
minimal terrestrial subsidy to these above treeline reaches (Perkins et al., 2018). Such 
disparity may be explained by food webs not capturing the full mass and abundance 
contribution of all basal resources (e.g., microbes, amorphous detritus), or the inverted 
biomass pyramids which characterise these and many other freshwater ecosystems 
(Vadeboncoeur and Power, 2017). In addition, macroinvertebrate consumers may have 
capitalised upon seasonal and within-catchment periphyton availability driven by the 
response of biofilm architecture to meltwater or storm induced flood pulses (as 
identified in Chapter Three) (Uehlinger et al., 2002; Gabbud et al., 2019). As individual 
mass-abundance slope values increased significantly with increasing glacier cover, 
consumers found at high cover river sites may have possessed greater energy transfer 
efficiencies in adaption to the lower water temperatures and reduced channel stability. 
The rate of increase in macroinvertebrate abundance failed to keep pace with that of 
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basal taxa as glacier cover declined, potentially due to dispersal constraints imposed 
by the fragmented configuration of mountain river networks, which disproportionately 
impact larger species (Brown et al., 2018). These findings provided a first description of 
the significant reorganisation of river connectance food webs in response to a shrinking 
cryosphere.  
 
6.2.3 Objective 4: Response of microbial communities, functional genes and 
ecosystem functioning to declining catchment glacier cover 
Chapter Five quantified the relationship between river microbial abundance and 
cellulose decomposition rates in mountainous regions of six countries (Objective 4). 
Through tensile strength determination and molecular sequencing (qPCR, Illumina 
sequencing) of standardised cotton strip assays, this research documented the 
potential microbial catabolism driving organic matter decomposition in glacierised 
catchments and for the first time, the role of the functional gene (cbhI) underpinning 
this ecosystem process. While the structural complexity and nutritional composition of 
cotton strips may have varied from that of riparian shrubs and grasses entering 
mountain rivers, their constituent cellulose is the most abundant organic polymer in leaf 
litter substrates and in turn, its decomposition dominates the release of carbon from 
freshwaters (Bayer et al., 2006; Tiegs et al., 2019). This study investigated the 
relationship between biodiversity and ecosystem functioning, as increases in the 
abundance of fungal taxa were correlated significantly with proliferation of cbhI copy 
number and in turn, accelerated tensile strength loss. Chapter Five also noted the 
possible contribution of additional cellulolytic enzymes to cotton strip hydrolysis, but 
further research is required to identify and quantify the associated gene amplicons. 
Global increases in the OTU abundance of fungal (ITS) taxa (Ascomycota, 
Tetracladium, saprotrophs) with reducing glacier cover were not matched by those of 
bacteria (16S), potentially as cotton strip incubation periods were insufficient to capture 
the successional transition from initial fungal colonisation of aquatic substrates to later 
bacterial cellulolytic activity (Bayer et al., 2006). Noted increases in fungal (ITS) copy 
number may have masked reduction of cold-stenothermic saprotrophs including 
Tetracladium marchalianum and Tetracladium psychrophilum, which have previously 
been identified in glacial habitats (Wang et al., 2015; Zang et al., 2016), if the increases 
in river water temperature driven by reducing catchment glacier cover exceeded their 
tolerances (Table 6.1).  
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Absence of a significant relationship between declining catchment glacier cover and 
cellulose decomposition rates across the six glacierised regions was potentially due to 
the influence of physical degradation processes, which are difficult to standardise in 
natural river experiments. Despite this, sustained glacial ice loss can be expected to 
accelerate organic matter decomposition rates in mountain catchments through 
increased fungal catabolism. This will potentially increase the release of CO2 and CH4, 
alongside dissolved and particulate organic carbon, to the atmosphere and sediments 
of downstream river, estuary and marine habitats (Battin et al., 2008; Striegl et al., 
2012; Singer et al., 2012; Ulseth et al., 2018). While the importance of freshwater 
ecosystems in the global carbon cycle is widely recognised (Battin et al., 2008) and the 
role of glacier-fed rivers remains comparatively less described (Singer et al., 2012), this 
study highlighted an important functional mechanism which may underpin the 
accelerating rate of carbon emissions from aquatic cellulose decay. This research 
determined cotton strip assays to be a suitable method for investigating cellulose 
decomposition in glacierised river catchments, provided the CELLDEX protocol for their 
deployment (Tiegs et al., 2015) was adjusted to include increased assays, site 
replicates and greater efforts to fix equipment in highly unstable channels. The 
standardised composition, ecological relevance and successful microbial profiling of 
cotton strips enabled this study to provide novel insight into the ecosystem functioning 
of glacierised mountain rivers.  
 
6.3 Application of key findings to research and conservation practice 
As development of the conceptual models presented in Chapter Two informed focus of 
the analytical data chapters, they were tested and refined with respect to findings 
obtained from glacierised mountain rivers, particularly of the Austrian Alps (Objective 
1). Local geographic validation of model predictions was used to test the generality of 
literature-derived principals in sampled catchments and their scope extended through 
consideration of recently published research. This enabled discussion of the 
contribution of thesis findings to current glacier-fed river ecosystem research and 
alpine freshwater conservation strategy.   
 
6.3.1. Application of key findings to research 
6.3.1.1 Multitrophic responses to reducing catchment glacier cover 
Analytical Chapters Three, Four and Five were used to refine the conceptual models 
presented in Chapter Two. Data predominantly collected from rivers in the Eisboden, 
Obersulzbach and Rotmoos valleys of the Austrian Alps, alongside microbial 
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information from six glacierised regions, were used to provide initial validation of the 
literature-derived models of Figure 2.4, Figure 2.5 and Figure 2.6. While published 
research has recently considered the distribution of macroinvertebrates (Gabbud et al., 
2019) and diatoms (Rotta et al., 2018) in deglaciating rivers, further ground truthing of 
these models is required in additional alpine regions, to broaden their geographical 
representation.      
 
The observed macroinvertebrate community provided validation of Figure 2.4, with the 
first occurrence of species conforming to widely accepted assembly patterns noted for 
alpine rivers of the Northern Hemisphere (Milner et al., 2001; Milner, 2016). Figure 6.1 
adapted Figure 2.4 to consider these occurrences in response to catchment glacier 
cover rather than water temperature, to capture the additional physicochemical 
alterations across this chronosequence (e.g., increased electrical conductivity, reduced 
turbidity and suspended sediment concentrations) (Figure 6.1). Both models captured 
Chironomidae sub-families Diamesinae and Orthocladiinae pioneering high glacier 
cover sites, with Simuliidae, Limnephilidae, Nemouridae and Leuctridae colonising 
successively with ice loss (Figure 6.1a; Milner et al., 2001). However, rivers sampled 
for this thesis hosted a greater diversity of macroinvertebrates at high glacier cover, 
with species representing Nemouridae, Heptageniidae, Hydrachnoidea and the Baetis 
alpinus group present alongside the first appearance of Diamesa (Figure 6.1a). 
Nemouridae have previously been observed to migrate from non-glacial tributaries to 
sites of high catchment glacier cover, preventing the expected dominance of Diamesa 
spp. (Lencioni, 2018). These taxa may have represented local variability in this globally 
generalised summer assembly pattern, with differences in macroinvertebrate 
communities recently identified at a reach- and catchment-scale (Gabbud et al., 2019). 
Alternatively, alterations may have resulted from a lack of sampling sites representative 
of > 64 % catchment glacier cover, ensuring that communities defined as high glacier 
cover in this study aligned more closely to those representing mid-levels of cover in the 
original model (Figure 2.4; Figure 6.1a).  
 
Many macroinvertebrates occurred at both high glacier cover and river sites throughout 
the gradient of catchment glacier cover, maintaining many of their feeding linkages as 
glacier ice was lost. This suggested that river invertebrate assembly was driven by 
tolerance mechanisms, as previously observed during real-time glacier retreat at Wolf 
Point Creek in Glacier Bay, Alaska (Milner and Robertson, 2010; Milner and Brown, 
2012), although observations were based upon space-for-time chronosequences of 
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river sites. While this pattern was noted for many diatom and microbial taxa, tolerance 
mechanisms may not extend across these taxonomic groups as Caloneis lancettula 
and Eunotia trinacria alongside approximately 7 % of bacterial (16S) and 27 % of 
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◄ Figure 6.1 First occurrence and richness of river (a) macroinvertebrates (black circles), 
benthic diatoms (grey squares), (b) fungal (ITS) OTUs and (c) bacterial (16S) OTUs along a 
gradient of reducing catchment glacier cover. This model revises and extends Figure 2.4 with 
data obtained from rivers in (a) the Austrian Alps and (b, c) five additional glacierised regions 
(Appendix 1). Relationships between richness and catchment glacier cover are displayed in 
more detail in Appendix 5.2.   
    
Field data enabled the first occurrence of benthic diatom taxa along the gradient of 
reducing glacier cover to be described in greater detail than previously determined 
through literature synthesis (Figure 2.5; Figure 6.1a). Figure 2.5 noted that species 
representing Achnanthes, Odontidium and Fragilaria dominated glacier-fed streams 
across Europe, North America and the Himalaya (Cantonati et al., 2001; Gesierich and 
Rott, 2012) but while present in sampled rivers, these taxa occurred at mid and low-
levels of glacier cover. As evidenced in Figure 6.1a and Figure 6.2c, high glacier cover 
sites were predominantly colonised not by cold water specialists as expected (e.g., 
Hannaea arcus) (Antoniades and Douglas, 2002), but by generalist taxa, tolerant of a 
broad range of temperature, pH and nutrient conditions in and beyond alpine 
watersheds (e.g., Achnanthidium minutissimum) (Potapova and Hamilton, 2007). This, 
together with the occurrence of some high glacier cover diatom taxa in river sites 
lacking ice melt inputs, suggested that cold-adapted species colonising highly glacial 
sites were not stenothermic, and tolerated the physicochemical and flow regime 
conditions imposed by both meltwaters and groundwater flows. The assumption of a 
transition in first occurrence taxa from specialists to generalists with reducing 
catchment glacier cover (Figure 2.5) appears in part reversed, with broader 
physicochemical tolerance facilitating assembly in these dynamic, high glacier cover 
sites.  
 
As for macroinvertebrates, none of the diatom species identified at river sites hosting 0 
to 64 % catchment glacier cover have previously been documented as cold-
stenothermic taxa. This was despite the occurrence of such species in other alpine 
catchments (Brown et al., 2009b; Falasco and Bona, 2011; Muhlfeld, 2011; Cantonati 
et al., 2012; Jacobsen et al., 2012). This suggested that these cold water specialists 
required greater ice cover than was represented by the sampled rivers, potentially 
resulting in their extirpation from study catchments during earlier stages of glacier 
retreat. Furthermore, Rotta et al. (2018) illustrated that deglaciation can continue to 
threaten diatom taxa even at stages of low or no glacier cover, as ice loss will increase 
the proportional contribution of water sourced from permafrost thaw in many alpine 
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headwater catchments. This has been reported to significantly reduce diatom species 
richness and diversity (Rotta et al., 2018) and in turn, Figure 6.1a may not be 
applicable to such watersheds.  
 
Assembly of fungal (ITS) and bacterial (16S) OTUs in glacier-fed streams may align to 
the patterns of succession identified for river macroinvertebrates and diatoms (Figure 
6.1). Successional development of community structure has previously been identified 
for fungal assemblages along a chronosequence of deglaciation in glacier forefield 
soils (Tian et al., 2017). This study identified sequential first occurrence of fungi (ITS) 
genera and bacteria (16S) families along the glacier cover gradient (Figure 6.1b, c) with 
many OTUs (bacteria = 7%; fungi = 27 %) found exclusively > 52 % cover. Given the 
presence of taxa lacking cosmopolitan distribution, this pattern supported the 
‘moderate to pronounced endemicity model of microbial biogeography’ previously 
reported for aquatic hyphomycetes along a global latitudinal gradient (Seena et al., 
2019, p. 313). As microbial populations hosted a greater proportion of taxa identified 
only in high glacier cover sites, they may be more vulnerable than macroinvertebrates 
to species loss with sustained glacier retreat, if not identified in alternative river 
habitats. This potential specialisation of taxa in highly glacial environments may also 
explain the greater fungal OTU richness at high glacier cover (Figure 6.1b). Recent 
DNA sequencing of microbial communities is furthering the understanding of cold-
adapted taxa responses to climate change (Margesin and Collins, 2019). Glacierised 
mountain river species are influenced by glacier retreat both through alteration of 
channel physicochemistry and discharge patterns (Wilhelm et al., 2013; Freimann et 
al., 2013), and because loss of glacial habitats (e.g., cryoconite holes, supraglacial 
ponds and streams, moulins, subglacial meltwaters, permafrost) will alter the fungal 
and bacterial species pools which contribute to proglacial meltwater environments 
(Hotaling et al., 2017a).       
 
Further research is required to verify the predicted first occurrence of certain alpine 
river biofilm species (non-diatom algae, protists, microfauna) (Figure 2.5) with reducing 
catchment glacier cover, as benthos samples were limited by Surber mesh size (250 
μm vs. ~ 10 μm) and potentially sub-optimal preservation of small, soft-bodied 
organisms (70 % methylated spirit vs. formalin). Some microfauna were determined 
from macroinvertebrate diets, but these may not be representative of river species 
composition due to selective feeding or predation avoidance behaviours, including use 
of reach-scale refugia (Gordon et al., 2018; Mathers et al., 2019). Furthermore, reliance 
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on morphological identification limited inclusion of small, complex biofilm forms 
(Manoylov, 2014). Despite this, sampled algae aligned to Figure 2.5, with cold-adapted 
specialists (e.g., Hydrurus foetidus) occurring at high glacier cover sites (Figure 6.2d). 
Gut contents analysis identified the first occurrence of testate amoeba species along a 
contemporary glacier cover gradient, with absence at high cover sites (Figure 6.2d). 
These protozoa may contribute significantly to food web structure as they are often the 
principal grazers of microbial species in freshwaters (Weitere et al., 2018). Gut 
contents analysis also highlighted the input of plant materials to river invertebrate diets. 
While allochthonous resources are reportedly minimal for alpine streams above the 
treeline (Zah and Uehlinger, 2001), terrestrially derived pollen was evident at many 
high cover river sites and has previously been noted as an important source of carbon 
in temperate freshwater food webs (Masclaux et al., 2013). These wind-blown inputs 
may be underestimated in glacier-fed rivers, particularly as pollen grains are known to 
be deposited upon, and later released during the melting of, glacier ice (Festi et al., 
2017). While pollen may be resistant to breakdown in the guts of macroinvertebrates, it 
potentially provides an in-stream nutrient source for heterotrophic bacteria (Masclaux et 
al., 2013). Further study is paramount to providing additional reference sites to validate 
the vertebrate component of Figure 2.5, as sampled rivers in the central Austrian Alps 
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◄ Figure 6.2 First occurrence of macrofauna, meiofauna and microfauna and their individual 
biomass along a gradient of reducing catchment glacier cover for river sites in the central 
Austrian Alps. Taxonomic information revises the model of Chapter Two (Figure 2.5). While 
species-level information is provided where possible, the first occurrence of each family/order is 
marked in bold text to facilitate comparison with previously presented models. Taxa identified at 
site O3, influenced by proglacial lake inputs, are not included. Grey open circles represent the 
mean individual biomass of each species present at river sites. For diatoms, biomass values are 
averaged across sites. Macroinvertebrate and diatom data were derived from Surber and rock 
scrub samples, but other biotic groups were identified from macroinvertebrate gut contents 
analysis, given the poor preservation of non-diatom biofilm taxa. Diatoms are displayed 
separately to other biofilm species given the greater taxonomic resolution available for this 
group. Taxa are representative of summer river communities and vertebrate populations were 
absent from study streams. Biomass information was unavailable for non-diatom algae, 
bacteria, fungi and microfauna communities.  
 
Figure 2.5 predicted increases in individual biomass with reducing catchment glacier 
cover, across multitrophic taxonomic groups. For invertebrates, the rate of increase 
was predicted to slow at low glacier cover, due to the anticipated constraints on energy 
availability and biomass imposed by greater predation and competition at higher 
population densities (Flory and Milner, 1999; Jacobsen et al., 2012). However, 
observations illustrated accelerated increases in individual biomass for predatory 
macroinvertebrates, which consistently had the highest individual biomass at each 
sampled site (Figure 6.2a). Deceleration in the rate of increased macroinvertebrate 
abundance < 26 % glacier cover (Appendix 3.6), despite sustained increases in 
individual biomass (Figure 6.2a), suggested that this proliferation may have been 
supported by greater resource assimilation efficiency, rather than availability. This has 
previously been noted for cold-adapted Diamesa spp. at high glacier cover river sites 
(Niedrist and Füreder, 2018) but research is yet to determine the prevalence of such 
adaptions in groundwater dominated alpine reaches.  
 
Field observations noted that taxa with exclusively herbivorous feeding behaviour were 
not found > 30 % glacier cover (Figure 6.2b), a trend unidentified by literature-derived 
Figure 2.5. This was potentially due to diatoms, a key component of cold-adapted 
invertebrate diets (Niedrist and Füreder, 2017), being found in insufficient density 
above this percentage of catchment glacier cover (Figure 3.2). Some taxa (e.g., 
Achnanthes sp., Fragilaria spp.) expressed strong benthic attachment forms which 
increase their resistance to grazing (Hieber et al., 2001; Gesierich and Rott, 2012). 
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Availability of diatoms and other biofilm resources may have been reduced further 
across the glacier cover gradient outside of spatially and temporally dynamic algal 
blooms (Uehlinger et al., 2002; Gabbud et al., 2019). This could explain why individual 
biomass was decoupled from glacier cover for herbivorous invertebrates, but not that of 
predatory species with greater dietary flexibility (Figure 6.2a, b). Many of the aquatic 
invertebrates predicted to be herbivorous (Figure 2.5) were predatory in sampled rivers 
due to cannibalism between 30 and 64 % catchment glacier cover (Figure 4.1). This, 
alongside previous documentation of this behaviour (Clitherow et al., 2013), provided 
evidence to support the importance of biotic interactions in shaping community 
assembly even in physicochemically harsh environments, with this role of stochastic 
interactions suggested in recent publications (Brown et al., 2018; Lencioni, 2018).    
  
Increases in individual vertebrate biomass predicted in Figure 2.5 aligned to the trend 
observed for diatoms and predatory macroinvertebrates (Figure 6.2a, c). However, 
further research is required in additional catchments to determine if the proliferation of 
basal resources and larger-bodied invertebrates at low glacier cover could provide 
sufficient energy transfer and assimilation in higher trophic levels, to support continued 
increases in vertebrate body mass. Alternatively, predicted increases in predator 
biomass and density could be facilitated by riparian subsidy (Larsen et al., 2016; 
Perkins et al., 2018). Rivers in catchments where the legacy effect of valley climate, 
aspect and geomorphology enables the development and preservation of glaciers at 
low-altitude or near the permanent treeline, as in regions of Alaska and New Zealand, 
will have greater provision of organic matter than high-altitude streams with 
comparable catchment glacier cover. Greater riparian vegetation inputs may lead to 
stronger top-down control of food web assembly as predators thrive upon subsidies, 
while reduced terrestrial contributions could enable bottom-up control of assembly 
driven by the basal taxa proliferation identified in Chapter Four. In turn, the varying 
composition, stability and successional stage of vegetation communities in the riparian 
zones of glacier-fed rivers (Zah and Uehlinger, 2001; Klaar et al., 2015; McKernan et 
al., 2018) may prevent globally synchronous individual biomass and food web 
responses to reducing catchment glacier cover. This suggests an additional 
mechanism, alongside proglacial lake formation, through which geomorphic context 
can influence valley-scale ecological responses to glacier retreat.  
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6.3.1.2 Food web responses to reducing catchment glacier cover 
Data presented in Chapter Four were used to test the predictions of Figure 2.6 
regarding alterations to food web structure and connectance descriptors along a 
gradient of reducing catchment glacier cover. The model suggested that as river 
reaches previously influenced by ice melt inputs became dominated by groundwater 
flows, their food webs would align to the structural characteristics of networks at low 
glacier cover river sites (Figure 2.6; Lavandier and Décamps, 1983). The collated data 
provided first evidence of this transition, with ice loss increasing node and link numbers 
and mean chain lengths (Figure 6.3), alongside linkage and predator densities. As 
predicted (Zah et al., 2001; Füreder et al., 2003; Clitherow et al., 2013; Neidrist and 
Füreder, 2017), feeding relationships were predominantly between macroinvertebrates 
and both benthic diatoms and amorphous detritus. However, species richness, linkage 
density and the prevalence of detritivore feeding were underestimated (Figure 6.3). 
While few individuals fed exclusively upon detritus, this resource was identified in all 
macroinvertebrate gut contents. Figure 2.6 captured the dramatic increase in taxa 
densities with reducing glacier cover but the significant reduction in directed 
connectance was not observed. This was potentially due to the dominance of 
macroinvertebrate-periphyton links, limited occurrence of omnivory, few predators and 
subsequently, small body-size spectra at sampled river sites (Chapter Four). The 
model was amended (Figure 6.3) to represent this alteration but is only applicable for 
alpine river systems lacking proglacial lake influence, as these features were found to 
accelerate this transition, disconnecting catchment glacier cover from the predicted 



















Figure 6.3 Alteration to the connectance descriptors of alpine river food webs along a gradient 
of reducing catchment glacier cover. This figure revises Figure 2.6 following amendments 
informed by field observations in rivers of the Austrian Alps.   
 
Figure 2.6 predicted a unimodal increase in food web node and link numbers with 
reducing catchment glacier cover. This was informed by Jacobsen et al. (2012) who 
identified this trend for river invertebrate taxonomic richness in alpine rivers globally. 
Here, α-diversity was greatest at intermediate levels of glacier cover but relatively 
reduced by harsh physicochemical conditions at highly glacial sites and increased 
competition pressures in reaches with greater groundwater influence (Jacobsen et al., 
2012). However, these observed connectance descriptors increased at an accelerated 
rate across the chronosequence of reducing catchment glacier cover (Figure 6.3). This 
trend aligned to the sustained increases in macroinvertebrate and diatom richness 
across sampled river sites (Appendix 3.6; Figure 3.2). The disparity may have been 
driven by variable competition and predation pressures across and within watersheds 
(Gabbud et al., 2019).  
 
Although not represented in Figure 2.6, the number of nodes and links in alpine river 
food webs increased more rapidly below approximately 26 % catchment glacier cover 
(Figure 6.3). This aligned to accelerated increase in other food web descriptors, 
including community span, alongside greater abundance and biomass of basal taxa. 
Increases in diatom valve density were also noted below approximately 28 % glacier 
cover in Chapter Three (Figure 3.2), and Cauvy-Fraunié et al. (2016) highlighted 
increased herbivore and algal community biomass < 11 % glacier cover in an 
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experimentally manipulated Ecuadorian alpine river. Biotic proliferation was potentially 
driven by the attenuation of ice melt inputs (Hieber et al., 2001; Rott et al., 2006; Battin 
et al., 2016) and reduced algal grazing pressure. Plateaus in the increasing abundance 
of macroinvertebrates have been documented < 26 % glacier cover in the Austrian 
Alps (Fell et al., 2018) and 40 % meltwater contribution in the French Pyrenees 
(Khamis et al., 2016). Using Threshold Indicator Analysis, Milner et al. (2017) also 
identified significant changes to the community composition of glacier-fed rivers in the 
Italian Alps at approximately 30 % catchment glacier cover. In turn, the observed 
alterations to food web descriptors, and potential shift from disturbance regime to 
donor-controlled assembly processes, may occur across a range of 11 to 30 % 
catchment glacier cover. The ‘tipping point’ may be dependent upon local catchment 
influences on alpine biofilm communities, including organic matter supply and flow rate 
variability (Battin et al. 2016). Therefore, rapid and significant reorganisation of river 
food webs may already characterise watersheds that have deglaciated beyond this 
threshold, which are prevalent in Austria (Koboltschnig and Schöner, 2011) and the 
wider European Alps (Brown et al., 2018). 
 
Connectance descriptors identified that while some observed food webs were 
characterised by an extreme structure, many aligned to the spectrum of network 
metrics represented by 241 river landscapes, sampling periods and disturbance 
regimes (Figure 6.4; Appendix 5.3). Collation of data from 37 published studies 
highlighted that while some alpine river sites had the lowest directed connectance (0, 3 
and 26 % catchment glacier cover) and mean chain lengths (30, 46 and 64 % 
catchment glacier cover) reported, others supported similar values to those recorded 
for rivers draining forests and grasslands (Figure 6.4b, c). Two of the three lowest 
linkage density values were found at high catchment glacier cover (≥ 46 % glacier 
cover) (Figure 6.4d). The low link numbers and species richness of sampled rivers 
aligned to those of connectance food webs describing other rivers fed by ice and snow 
melt (Lavandier and Décamps, 1983; Clitherow et al., 2013; Parker and Huryn, 2013), 
but three networks representing intermittent streams produced the lowest documented 
values (López-Rodríguez et al., 2012) (Figure 6.4a). Sampled river sites formed two 
groups, representing high and low link number and species richness values (Figure 
6.4a), with the threshold for their separation at 26 % catchment glacier cover. 
Accelerated increase in node and link numbers below this ‘tipping point’ resulted in 
significant structural reorganisation of alpine river food webs (Figure 4.1). Rivers 
predominantly fed by glacier meltwaters host some of the harshest physicochemical 
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conditions imposed upon freshwater communities (Milner et al., 2017), and this study 
suggested that subsequently their food webs adopt an intensified form of the structures 
identified in other biomes (Figure 6.4). However, attenuation of ice melt inputs and 
transition along a harsh-benign gradient (Khamis et al., 2016) rapidly enabled 
connectance network descriptors to resemble temperate and even tropical river 
systems (Figure 6.4).  
 
 
Figure 6.4 Metrics for the nine alpine river networks presented in Chapter Four (black circles) 
compared to 241 river food webs derived from 37 published studies (grey open circles). Studies 
were identified using the Web of Science (15 March 2019) with a combination of search terms 
(river, food web, connectance). River connectance food webs were collated to represent a 
diversity of environments, altitudes, latitudes, years, seasons and disturbance regimes but may 
not be exhaustive. (a) Relationship between log10 species richness (S) and log10 link number (L) 
for constructed and published food webs, with literature pertaining to other rivers fed by ice and 
snow melt highlighted (grey circles) and 95 % confidence intervals shown, (b) directed 
connectance (C) (L/S2) values for constructed and published food webs, (c) mean shortest 
chain lengths (MCL) for constructed and published food webs, (d) linkage density (L/S) for 
constructed and published food webs. Literature references are provided in Appendix 5.3.    
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6.3.1.3 Microbial community structure and ecosystem functioning response to 
reducing catchment glacier cover 
Chapter Five identified deglaciating catchments to support both the lowest daily 
cellulose decomposition rates reported for river cotton strip assays and a range of 
values which aligned to those documented for streams in temperate and tropical 
biomes (Figure 6.4). This research suggested that as for connectance food web 
descriptors, mountain rivers represented the threshold of this ecosystem function, but 
also its scope, with glacier-fed streams hosting ecosystem structure (Figure 6.4) and 
functioning (Figure 5.4) comparable to other river systems. When unadjusted for water 
temperature, glacierised mountain rivers hosted mean tensile strength loss rates higher 
than identified for other cold environments, including boreal forest and tundra (Figure 
6.4; Tiegs et al., 2019). Some cold streams have previously been reported to decay 
leaf litter packs at rates which appear unrelated to mean water temperature and 
nutrient concentration (Cristiano et al., 2019), suggesting that further research is 
required to identify organic material decay processes independent of physicochemical 
parameters. Glacier-fed rivers may therefore host carbon release rates comparable to 
lower altitude freshwater ecosystems and, as reducing glacier cover was associated 
with accelerated fungal catabolism of organic matter, this contribution can be expected 
to increase with sustained glacier retreat. Climate change and ice loss may further 
increase carbon emissions from alpine rivers as increased river bank stability, spring 
air temperatures and length of the summer growing period, favour greater colonisation 
and succession of herbaceous riparian vegetation communities, potentially increasing 
supply of organic materials to streams for processing (Klaar et al., 2015; McKernan et 
al., 2018; Rogora et al., 2018).               
 
Recent research has explored the relationships between biofilm biodiversity and 
ecosystem functioning in river networks, with studies identifying microbial community 
structure and processing to respond both synchronously and disparately to 
environmental perturbations (Besemer, 2015). This study did not identify the complex 
mechanisms which mediate these linkages, including niche partitioning and functional 
redundancy (Besemer, 2015), but noted a positive biodiversity-ecosystem functioning 
association between fungal (ITS) copy number and accelerated cellulose 
decomposition rates, in deglaciating catchments. This study furthered understanding of 
this association in glacierised mountain regions as the cbhI functional gene appeared 
to provide a mechanistic link between diversity and productivity in these river systems. 
However, gene amplification could not be directly linked to specific fungal (ITS) taxa 
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and biodiversity-ecosystem functioning relationships have previously been identified to 
alter with environmental disturbance events (Cardinale et al. 2000). Further research is 
required to determine the distribution of other functional genes in glacier-fed river 
biofilm communities and to consider how the seasonal physicochemical, hydrological 
and geomorphic alterations imposed by glacier retreat influence their expression (Ren 
et al. 2017a). As cotton strip assays captured both microbial structure and processing 
responses to reducing catchment glacier cover, this study lends further support (Tiegs 
et al., 2019) to their use in the bioassessment of mountain river integrity (Gessner and 
Chauvet, 2002).  
 
6.3.2 Application of key findings to conservation practice 
Identification of nineteen diatom taxa noted as threatened, endangered, decreasing or 
rare on the Red List of Algae for Germany (Lange-Bertalot and Steindorf, 1996) 
justifies expansion of conservation focus beyond previously recommended alpine 
spring habitats (Cantonati et al., 2012) to include rivers influenced by variable 
catchment glacier cover. For example, Austrian alpine rivers may act as a refuge for 
Achnanthidium caledonicum, as this endangered species was identified across eight 
sites, representing 0 to 52 % glacier cover. This research suggested that revision of the 
Red List may be required to reassess both the status of taxa which could benefit from 
deglaciation, two of which are currently noted to have decreasing populations 
(Chamaepinnularia mediocris, Gomphonema calcareum), and taxa found exclusively ≥ 
28 % glacier cover, which may lose their habitat with sustained ice loss (Table 6.1). 
The 23 taxa whose abundance correlated significantly to NMDS Axis 1 (Figure 3.4) and 
the aligned vectors of channel stability and glacier cover may also require future 
conservation status, given their sensitivity to glacier influence. Further study is required 
to confirm the presence of these taxa in alternative river habitats (Section 6.4.2). This 
research requirement extends beyond diatoms to cold-adapted species in additional 
taxonomic groups (e.g., Tetracladium psychrophilum, T. marchalianum, Baetis alpinus 
gr., Iberian desman, Eurasian shrew, Pyrenean brook newt) (Table 6.1). As for diatom 
taxa, many macroinvertebrate species were identified throughout the gradient of 
reducing catchment glacier cover and appear cold-adapted rather than cold-
stenothermic. In turn, high glacier cover consumers may also benefit from future 
deglaciation as their abundance and taxonomic richness increased with ice loss (Figure 
4.1). However, the widely documented threat that glacier retreat imposes upon certain 
endemic river invertebrates (Brown et al., 2009b; Muhlfeld et al., 2011; Finn et al., 
2014; Giersch et al., 2016), means that further study is required to determine the 
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presence of rare taxa in the Austrian river sites. For example, cold water specialist 
species including Eukiefferiella cyanea, Leuctra rauscheri and Protonemura nimborum 
have previously been identified in the Austrian Alps but were not sampled during this 
study (Füreder et al., 2007).  
 
Current alpine freshwater conservation management is constrained by limited 
information regarding the distribution, abundance and adaptive capacity of river 
macroinvertebrates (Giersch et al., 2016; Lencioni, 2018), meiobenthic taxa and 
microbes. Furthermore, the sustained ice cover required by certain aquatic species 
cannot be achieved. However, this research could be applied to conservation 
strategies by i) highlighting the potential benefits of deglaciation for species of multiple 
taxonomic groups adapted to expanding low and no glacier cover river habitats (Table 
6.1); ii) identifying tolerance in cold-adapted, non-endemic river invertebrate 
populations which may prevent their extirpation following ice loss and iii) directing 
conservation efforts ≥ 26 % glacier cover. Above this threshold, additional 
environmental stressors including nutrient pollution, water abstraction and flow rate 
alterations resulting from agriculture, tourism and hydroelectric energy production 
(Khamis et al., 2014a), could be targeted to alleviate pressure upon taxa already facing 
habitat loss. This information could also be shared with organisations and projects 
involved in developing local aquatic conservation management strategies, including the 
Hohe Tauern National Park, the WWF European Alpine Program (Save the Alpine 
Rivers!) and the European Union Strategic Planning for Alpine River Ecosystems 
project.  
 
Collaborative management efforts could drive measures such as the translocation of 
rare or endemic river taxa from current locations of comparatively high population 
density, to glacierised catchments predicted to retain ≥ 26 % glacier cover for several 
decades. Hotaling et al. (2017b) suggested that the insulating capacity of debris cover 
upon some rock glaciers may reduce their melt rates, making their proglacial streams 
suitable sites for the preservation of cold stenothermic populations. Establishment or 
expansion of communities in these habitats may provide high-altitude species with the 
greatest chance of longer-term survival, although potential success rates remain 
uncertain (Khamis et al., 2014a; Giersch et al., 2016), particularly for less conspicuous 
taxa which are difficult to identify without genetic analysis. As suggested for the 
possible relocation of Pyrenean brook newts (Calotriton asper), molecular techniques 
must be employed to ensure the movement of genetically diverse populations 
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(Valbuena-Ureña et al., 2018). Recent studies have called for alpine river management 
to replace the focus on threatened species to consider instead the importance of 
increased habitat connectivity within and between alpine watersheds (Khamis et al., 
2014a). In turn, conservation of the biodiversity of mountain rivers must be considered 
as an intrinsic component of broader strategies to protect the wider alpine environment.    
 
6.4 Research limitations and future research directions 
6.4.1 Research approach 
A chronosequence approach was adopted to sample catchments with varying 
proportions of permanent ice cover in preference to the long-term monitoring of rivers 
influenced by real-time glacier recession, which was not achievable within the project 
timeframe (Thompson et al., 2012). Although pseudoreplication of site selection was 
avoided where possible, it was necessary in certain valleys to repeatedly sample single 
glacier-fed river channels at variable distances from the ice margins, to obtain sites 
representative of an extensive gradient of catchment glacier cover. While care was 
taken to use the most recent available ice extent information (GLIMS, 2018), the 
accuracy of glacier cover representation may have been constrained by the occurrence 
of glacier retreat since its production (2000 to 2016). This was particularly evident for 
Rob Roy glacier in the Southern Alps of New Zealand, as the ice outlines were last 
updated in 1978 (GLIMS, 2018). However, only three microbial samples and two cotton 
strip assays were successfully retrieved from this catchment. Furthermore, as detailed 
in Chapter Three, measurement of catchment glacier cover cannot quantify ice melt 
production, runoff rates, discharge volumes or variability in these processes, which are 
modified by multiple parameters including valley geomorphology, local and regional 
climate patterns, ice thickness, basal motion dynamics, surface debris cover and 
proglacial lakes (Zemp et al., 2006; Huss, 2012; Robson et al., 2016; Carrivick and 
Heckmann, 2017). However, this proxy for glacier retreat was found to correlate 
significantly to an alternative measure of glacier influence (multivariate glaciality index) 
(Appendix 5.4) and was calculated remotely prior to fieldwork, with limited resource 
requirements in comparison to in-situ methods (e.g., water chemistry or wavelet 
analysis) (Brown et al., 2009a; Cauvy-Fraunié et al., 2014). Gradients of catchment 
glacier cover continue to be a widely adopted approach for investigating the response 
of aquatic ecosystems to deglaciation and have previously been identified to capture 
the biotic responses documented for real-time glacier recession (Jacobsen et al., 2012; 
Giersch et al., 2016; Ren et al., 2017b; Brown et al., 2018; Lencioni, 2018; Niedrist and 
Füreder, 2018). Future collation of chronosequence information and its extension into 
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less studied mountainous regions (e.g., the Andes, China, Russia, Figure 2.2) is critical 
to determine if the global synchronicity identified for river invertebrate responses to 
glacier retreat (biodiversity, functional traits, assembly processes) (Jacobsen et al., 
2012; Brown et al., 2018) occur in other taxonomic groups and in turn, inform the 
generality of ecological theory across alpine rivers.   
 
Field observations (physicochemical parameters, Surber samples, biofilm scrubs) were 
primarily conducted from single in-situ spot measurements. This approach was 
necessary given fieldwork time constraints but may have failed to capture the 
continuous variability of many parameters which are influenced by diurnal and 
seasonal cycles in discharge and flow rate in glacier-fed river systems (Milner et al., 
2001; Bliss et al., 2014; Huss and Hock, 2018). Longer-term deployment of 
temperature loggers (Chapter Five) suggested periods of stream intermittency across 
three of the mountainous regions, with dewatering predicted to become more frequent 
in many alpine catchments experiencing continued deglaciating (Robinson et al., 
2016). Use of fixed flow gauge information also identified precipitation driven flood 
events which potentially contributed to the destabilisation of biofilm architecture 
(Chapter Three). In turn, this higher resolution environmental information was critical to 
understanding the biotic responses noted during spot sampling and future research 
should aim to establish longer-term monitoring of these physicochemical and hydraulic 
parameters.  
 
Field measurements were collected during boreal and austral summer months, to 
maximise river site accessibility and comparison to previously published research. 
Thesis findings cannot be extrapolated beyond summer river communities, yet they 
remain intrinsically connected to biotic processes occurring at less studied time 
periods. These include the ‘windows of opportunity’ for consumer feeding during spring 
ice melt induced nutrient release and algal blooms (Uehlinger et al., 2002, p. 20; 
Uehlinger et al., 2010; Fellman et al., 2015) and the persistence of aquatic 
communities beneath winter snow cover, which remain poorly described (Brown et al., 
2015). Future research requires extended sampling to capture the influence of these 
events upon aquatic biodiversity as these summer observations reflect one component 
of annual community dynamics (Brown et al., 2015). This research focus is urgent as 
climate change is predicted to drive earlier and prolonged melt seasons and extended 
ice-free periods in many alpine catchments, potentially decoupling seasonal patterns of 
resource availability and demand (Durant et al., 2007; Huss et al., 2017). 
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6.4.2 Researching alpine river benthic diatom communities  
The Red List of Algae for Germany remains the most complete reference of imperilled 
diatom species, but it lacks Austria specific reference sites, does not cite all identified 
taxa and was last updated in 1996 (Falasco and Bona, 2011), potentially leading to 
inaccurate representation of diatom vulnerability in sampled river sites (Fell et al., 
2018). Therefore, both classification of Austrian freshwater diatoms and reclassification 
of those which may benefit or perish following glacier retreat, requires extensive 
sampling of assemblage composition over a greater number of alpine catchments. 
Field observations must determine if the taxa found exclusively at certain percentages 
of catchment glacier cover in Chapter Two are also identified in alternative reach 
habitats across the Austrian Alps.   
 
Further research could expand the taxonomic focus of Chapter Two to consider 
functional trait responses of benthic diatoms to reducing catchment glacier cover. This 
may develop understanding of their morphological, behavioural and life history 
adaptions to the environmental conditions imposed by glacier retreat. For freshwater 
diatoms, Passy (2007) and later Rimet and Bouchez (2012), defined ecological guilds 
to group functionally comparable taxa. The occurrence of these classifications could be 
correlated to both glacier cover and its associated physicochemical parameters (river 
water temperature, electrical conductivity, pH, turbidity, channel stability) as ecological 
guilds are currently described for approximately 63 % of the diatom species identified 
across the Austrian Alps sites (Rimet and Bouchez, 2012). Given the extensive, 
standardised sampling of benthic diatoms for the bioassessment of water quality under 
the Water Framework Directive (CEN, 2014), data sets may be available to determine 
these relationships along additional chronosequences of glacier cover in the European 
Alps. However, watersheds < 10 km2 are not monitored under the framework, 
potentially limiting the provision of information for many headwater streams and 
tributaries (BMNT, 2019). This autecological study could also be expanded to consider 
the implications of deglaciation upon the wider periphyton community (filamentous and 
unicellular algae, cyanobacteria), with traits potentially identified through use of 
Reynolds Functional Groups (Kruk et al., 2017). The response of benthic diatom 
assemblages to glacier retreat may be influenced significantly by biotic interactions 
within biofilm communities and this has implications for future energy supply to alpine 
river food webs (Chapter Four).  
 
 128  
 
 
6.4.3 Researching alpine river food webs 
Microbial assemblages were not comprehensively captured in alpine river food web 
construction (Chapter Four), despite previous literature documenting the importance of 
their contribution to benthic biomass and energy supply (Hotaling et al., 2017a; Ren et 
al., 2017a; Vadeboncoeur and Power, 2017). However, as investigation of cotton strip 
microbial communities fostered partnership with the Molecular Ecology Group of the 
University of Essex (Chapter Five), further collaboration could facilitate DNA-based 
next-generation sequencing of the microbial community integral to alpine river food 
webs. Molecular analysis has previously been employed to determine the sensitivity of 
aquatic microbenthic (Archaea, bacteria, fungi) diversity and functioning to the 
physicochemical alterations induced by glacier retreat (Battin et al., 2004; Wilhelm et 
al., 2013; Hotaling et al., 2017a; Ren et al., 2017a; Ren et al., 2017b). However, 
studies are yet to integrate biofilm microbial linkages into holistic descriptions of trophic 
networks (Weitere et al., 2018) for alpine rivers. DNA barcoding analysis may also 
enable inclusion of additional taxa poorly represented in gut contents derived food 
webs due to their small body size (Sheppard and Harwood, 2005). A proliferation of 
metabarcoding and high-throughput sequencing studies have increased understanding 
of meiofauna (protists, rotifers, protozoa) biodiversity in freshwaters (Boscaro et al., 
2017; Debroas et al., 2017; Banerji et al., 2018; Boenigk et al., 2018) and could be 
used to investigate their predation behaviours in alpine rivers, provided finer Surber 
mesh and a more suitable sample preservative (e.g., formalin) were used. Combined 
gut contents and stable isotope analysis has highlighted the requirement for greater 
meiofaunal taxonomic resolution in river food webs as amalgamating multiple species 
as singular nodes can alter link numbers, linkage density and consumer-resource ratios 
significantly (Schmid-Araya et al., 2016). This focus is particularly important for protists 
given that variation in their abundance suggests a stronger association with 
deglaciation than for other biofilm taxa (Eisendle-Flöckner et al., 2013).  
 
Future research could extend the use of molecular analysis to characterise the genetic 
composition of gut contents derived from all sampled consumers and in turn, describe 
in greater detail the trophic linkages across alpine river food webs (Sheppard and 
Harwood, 2005; Carreon-Martinez and Heath, 2010). This could reduce the error 
associated with taxonomic identification of partially digested organic material and 
determine links to prey not visible microscopically (Sheppard and Harwood, 2005). As 
yield-effort curves suggested insufficient characterisation of some consumer diets 
through gut contents analysis despite bulk sampling efforts, these molecular studies 
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could be conducted upon composite alpine river food webs (Clitherow et al., 2013). 
Multiple Surber samples could be combined to augment the number of individuals 
representing each species, providing samples were collected at the same time.   
 
To add further ecological value to the nine alpine river food webs constructed in 
Chapter Four, trophic linkages between consumer and resource pairs could be 
weighted through quantification of biomass flow. Literature-derived ratios of biomass 
and secondary production could be used to model food web specific secondary 
production estimates using the biomass values calculated from body length and 
periphyton shape for each node (Chapter Four). This trophic basis of production 
method could be applied to determine bottom-up biomass flux across links directly 
observed in the connectance food webs (Ledger et al., 2013). This approach would 
inform calculations of quantitative descriptors which could be determined for food webs 
along the chronosequence of glacier cover. Allometric diet breadth modelling, 
supported by the species-averaged biomass and abundance data already collected, 
could then be used to predict the impact of alterations to energy flow across whole 
trophic networks in response to glacier retreat (O’Gorman et al., 2018). Furthermore, 
analysis of the functional traits supported by macroinvertebrates found across the 
gradient of catchment glacier cover may further understanding of the mechanisms 
underpinning their resource assimilation behaviours under different environmental 
conditions. Niedrist and Füreder (2017) stressed the importance of these invertebrate 
trophic relationships to further understand the response of alpine river ecosystem 
structure to continued ice loss.  
 
6.4.4 Researching glacierised mountain river organic matter decomposition  
A key limitation of Chapter Five was that the contributions of microbial catabolism and 
assumed physical abrasion to cellulose decomposition rates could not be separated or 
independently quantified, constraining a mechanistic understanding of river decay 
processes. While leaf pack studies have decoupled shredding invertebrate activity from 
the impacts of flow velocity using artificial channels (Ferreira et al., 2006), or 
macroinvertebrate decomposition from microbial autolysis through exclusion cages 
(Langhans et al., 2008), separation of mechanical and microbe influences remains 
limited. However, future studies could position cotton assays in mesh bags to reduce 
the influence of in-stream physical degradation processes. While macroinvertebrates 
were believed to be unable to colonise the cotton strips during the experimental 
incubation period (Tiegs et al., 2013; Tiegs et al., 2019), use of a mesh covering could 
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also exclude their shredding activity with greater certainty. As flow patterns and local 
sediment retention may be altered within these bags (Ferreira et al., 2006), further 
research is required to determine a design which effectively constrains abrasion 
processes. Additional natural experiments could be used to investigate alternative 
functional processes, including benthic respiration rates, to more comprehensively 
characterise ecosystem functioning in glacier-fed rivers.  
 
Future molecular analysis of cotton strip microbial assemblages could include 
extraction of RNA alongside DNA. This would quantify copy numbers of the cbhI gene 
which have been transcribed in the analysed cells, indicating activity in addition to 
presence of this gene in the fungal community (Griffiths et al., 2000). While RNA 
remains a less stable extraction component (Griffiths et al., 2000), this analysis could 
advance mechanistic understanding of aquatic organic matter decomposition and 
potentially identify stages in the chronosequence of declining catchment glacier cover 
experiencing heightened cellulose degradation activity, with implications for energy 
availability to benthic food webs. As Chapter Five indicated contribution of additional 
cellulases to cotton strip hydrolysis (Figure 5.3), functional genes of other 
cellobiohydrolases, endoglucanases and ß-glucosidases could be sequenced as their 
combined action is required to fully decompose cellulose and release CH4 and CO2 to 
the atmosphere (Bayer et al., 2006). As bacterial taxa can host some of these genes 
alongside fungi (Bayer et al., 2006), this additional sequencing, together with longer 
incubation of cotton strip assays, could further understanding of the microbial 
community succession underpinning this component of the global carbon cycle.    
 
Future research considering mountain river decomposition rates and associated 
microbial community structure could focus on greater integration of the findings of 
Chapter Five into global-scale ecosystem functioning projects. The standardised 
CELLDEX protocol has been used in an as yet unpublished multi-regional Arctic study 
(Ring of Fire Project, Imperial College London) and collaboration with the associated 
research group could facilitate data comparison, to determine further geographical 
variability in this ecosystem process. Suggested refinement of the cotton strip assay to 
increase its suitability for use in glacier-fed rivers (Chapter Five) could also inform 
deployment in additional mountain catchments. Placement of cotton strips in reaches 
adjacent to the permanent snow line would enable investigation of cellulose 
degradation at the alpine-Arctic region boundary. Ecotones can increase the 
abundance and diversity of specific aquatic taxa (Heegaard et al., 2006) and 
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subsequently may host significant and disproportionate ecosystem functioning rates in 
comparison to alpine or Arctic river reaches. As climate change and glacier retreat is 
predicted to alter the altitudinal range of inter-annual snow cover across mountain 
watersheds (Huss et al., 2017; Rogora et al., 2018), the influence of these transition 
zones upon aquatic systems may change in deglaciating catchments.   
 
6.5 Thesis conclusions 
This thesis has illustrated that sustained reductions in catchment glacier cover will align 
meltwater dominated river communities to those sourced predominantly by 
groundwaters. This is with regard to the biodiversity of individual taxonomic groups 
(benthic diatoms), the structure of aquatic food webs (connectance, trophic descriptors) 
and the rate of their ecosystem functions (organic matter decomposition). This 
transition, although accelerated below a threshold of approximately 26 % catchment 
glacier cover, did not occur for sampled rivers as a catastrophic collapse of trophic 
interactions and species loss. Instead, it proceeded through predictable successional 
changes to the first occurrence and assembly of river taxa along the chronosequence 
of declining glacier cover. Alterations to food web structure below this threshold were 
driven by increased benthic taxa biomass, indicating bottom-up control of assembly 
processes with the attenuation of ice melt inputs. Findings suggested that the 
influences of water temperature and channel stability upon community composition 
were accompanied by biotic processes (e.g., cannibalism, predation, herbivory, 
detritivory, potential assimilation efficiency adaptions) throughout the gradient of glacier 
cover. Alterations to the physicochemistry and biotic environment of alpine freshwaters 
may prevent them from sustaining the niche conditions required by certain taxa, 
potentially impairing the conservation status not only of macroinvertebrates, but cold 
water specialists from a broad range of taxonomic groups (microbes, algae, protists, 
vertebrates). However, other species dependent on low glacier cover rivers could thrive 
during upstream habitat expansion.  
 
The harsh physicochemical and discharge regimes of rivers in glacierised mountain 
catchments ensured that they represented an extreme in the ecosystem structure and 
functioning rates documented for river systems. However, deglaciation rapidly aligned 
these properties to those of rivers in temperate and tropical biomes, within alpine 
catchments. In turn, this thesis identified glacier-fed rivers to both support (e.g., 
increased α-diversity with reducing physicochemical harshness) and prevent (e.g., 
pioneer taxa as generalists not specialists) generalisation of ecological theory derived 
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from lower altitude running waters. It has contributed to biodiversity-ecosystem 
functioning theory, as glacier retreat drove global increases in fungal taxa and their 
functional gene (cbhI) which accelerated cellulose decomposition rates and in turn, the 
potential contribution of mountain rivers to the global carbon cycle. However, the 
response of multitrophic alpine river communities to glacier loss may be mediated by 
geomorphic context, including the proliferation of proglacial lake formation, permafrost 
thaw, riparian vegetation succession and length of the summer growth season, which 
could influence water sourcing and organic matter subsidy to glacier-fed rivers.  
 
Exponential human population growth, coupled with its sustained reliance upon a 
hydrocarbon dominated energy supply, is predicted to increase carbon emissions and 
drive global warming 2 °C beyond pre-industrial temperatures (IPCC, 2013; Shannon et 
al., 2019). This anthropogenically forced climate change will continue to accelerate the 
thinning and retreat of mountain glaciers worldwide (Huss et al., 2017; Beniston et al., 
2018). Between 2011 and 2100, loss of global glacier volume could exceed 64 %, with 
thesis study regions of Alaska, central Europe, Scandinavia and New Zealand 
predicted to lose over 75 % of their ice volume (Shannon et al., 2019). Through 
investigation at varying geographical (single- and multi-region) and biological (genes, 
populations, food webs, functional processes) scales, this thesis demonstrates that 
such reductions in catchment glacier cover will drive major alterations to the 
biodiversity, food web structure and ecosystem functioning of alpine river systems.  
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Appendix 1: Study site information  
Table A1.1 Study site descriptions. Numbers indicate field research teams: 1 = Sarah Fell, Lee 
Brown, Jonathan Carrivick 2 = Sarah Fell, Jonathan Carrivick, 3 = Eran Hood, 4 = Sophie Cauvy-
Fraunié, 5 = Sophie Cauvy-Fraunié, Verónica Crespo-Pérez. Letters and symbols denote 
sampling strategy: B = Biological sampling (Surber sampling and biofilm rock scrubs), D = 
Decomposition sampling (cotton strip assays and microbial sampling), - = microbial samples not 














Valley/ area Date Sampling Chapter Site 
code 















B, D 3, 4, 5 E1 N 47.12436, 12.63836 2129 3 
 B, 3, 4 
3, 5 
3, 4, 5 




3, 4, 5 
3, 4 
E2  47.13125, 12.63408 2074 26 
B, D E3  47.13416, 12.63749 2052 28 
B, D E4  47.13477, 12.63710 2056 0 
B, D E5  47.12213, 12.63853 2154 36 
D E6  47.13359, 12.63351 2084 0 
D E7  47.13269, 12.63310 2074 0 
D E8  47.12702, 12.61150 2053 54 
B, D U1  47.14075, 12.65157 2275 46 
B U2  47.13979, 12.65328 2286 1 












  B 3, 4 O3  47.14214, 12.27648 1746 42 
  D 5 O4  47.12963, 12.28068 1971 56 




B, D 3, 4, 5 
3, 5 
3, 5 
3, 4, 5 
R1 N 46.83104, 11.04022 2351 64 
B, D R2  46.83633, 11.03612 2305 41 
B, D R3  46.83981, 11.03206 2286 38 













NZ1 N -43.44090, 170.17216 244 74 
D*- NZ2  -43.43055, 170.16893 223 0 
D* NZ3  -43.43052, 170.16948 215 69 
D*- NZ4  -43.80187, 170.11348 627 43 
Fox As above D*- 5 
5 
5 
NZ5 W -43.49925, 170.05319 251 60 
 D* NZ6  -43.49513, 170.04167 216 58 
 D NZ7  -43.47817, 170.00835 178 50 
Birch Hill As above D* 5 
5 
5 
NZ8 E -43.79560, 170.07564 999 23 
 D* NZ9  -43.79737, 170.08762 814 9 
 D* NZ10  -43.80122, 170.11798 614 7 




NZ11 S -44.47506, 168.72736 758 48 
 D NZ12  -44.47523, 168.72809 769 0 
 D* NZ13  -44.48070, 168.72632 709 38 





D 5 NR1 S 60.58883, 7.44862 1224 32 
D 5 NR2  60.58931, 7.44816 1212 45 
 
t  Finse/ 
Hardangervidda 
Plateau 
l/     . , .    
D 5 NR3  60.57460, 7.47961 1310 85 
D 5 NR4  60.57524, 7.48529 1310 71 
D 5 NR5  60.57416, 7.49382 1290 1 
D 5 NR6  60.56763, 7.50173 1367 8 
D 5 NR7  60.57802, 7.50746 1369 80 
D 5 NR8  60.58072, 7.51330 1228 58 
D 5 NR9  60.58464, 7.51981 1229 64 
D 5 NR10  60.58464, 7.51981 1217 55 
D 5 NR11  60.58880, 7.44874 1219 53 
D 5 NR12  60.59002, 7.55209 1209 0 
D 5 NR13  60.59410, 7.53861 1209 0 
D 5 NR14  60.59410, 7.53861 1392 64 
   D* 5 NR15  60.57603, 7.47641 1309 73 
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Table A1.1 – continued 




















Valley/ area Date Sampling Chapter Site 
code 










D 5 AK1 SW 58.364416, -134.478486 23 26 
D* 5 AK2 SSW 58.528439, -134.805948 7 40 
D 5 AK3 S 58.404140, -134.581596 17 55 
D 5 AK4 W 58.652052, -134.914173 14 11 









D 5 FR1 NNE 45.296718, 6.645947 2504 51 
D 5 FR2  45.297519, 6.650509 2445 0 
D* 5 FR3  45.283214, 6.668080 2413 28 
D 5 FR4  45.287004, 6.669283 2327 18 
D* 5 FR5  45.287728, 6.669109 2326 0 
D 5 FR6  45.296980, 6.672500 2255 0 
D 5 FR7  45.305088, 6.669824 2079 10 
 D 5 FR8  45.312892, 6.681206 1981 13 
 D* 5 FR9  45.325402, 6.692855 1895 41 
  D* 5 FR10  45.339042, 6.694818 1766 13 
 Vanoise As above D 5 FR11 N 45.328562, 6.625382 2222 25 
 (Les Allues)  D* 5 FR12  45.329039, 6.625382 2233 35 
   D- 5 FR13  45.346282, 6.620300 2030 17 
   D 5 FR14  45.346917, 6.616693 2016 0 
   D 5 FR15  45.361990, 6.585158 1714 13 
Ecuador6 Antisana Jun-Oct 
2017 
D 5 EC1 W -0.46987, -78.1829 4366 0 
 D 5 EC2  -0.49556, -78.1961 4208 27 
 D* 5 EC3  -0.49458, -78.2013 4179 11 
 D* 5 EC4  -0.49458, -78.1996 4193 17 
 D 5 EC5  -0.50470, -78.2162 4086 0 
 D* 5 EC6  -0.50550, -78.2162 4083 7 
  D 5 EC7  -0.51282, -78.2158 4037 0 
  D* 5 EC8  -0.51306, -78.2156 4039 10 
  D 5 EC9  -0.51374, -78.2174 4034 8 
  D 5 EC10  -0.47776, -78.17014 4512 65 
  D 5 EC11  -0.49240, -78.17238 4474 56 
  D 5 EC12  -0.46530, -78.16520 4493 39 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure A1.1 River sites along a gradient of catchment glacier cover. Images exemplify the 
different river habitats sampled. These included rivers with high (a, b) (a = E8, 54 % glacier 
cover; b = NR3, 85 % glacier cover), medium (c, d) (c = R3, 38 % glacier cover; d = NZ11, 48 % 
glacier cover), low (e, f) (e = NZ9, 9 % glacier cover, NR5, 1 % glacier cover) and zero (g, h) (g 
= NR13, h = O2, both 0 % glacier cover) catchment glacier cover. Site codes are defined in 
Table A1.1.   
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Appendix 2: Supporting information for Chapter Three 
River water temperature data were collected from spot measurements using Hanna 
Instrument HI9063 (Woonsocket, Rhode Island, USA). In turn, the readings may have 
been influenced by the time of sampling, particularly given the spatiotemporal variability 
of water temperature in glacier-fed streams. In attempt to obtain more representative 
temperature data, TinyTag Plus 2 temperature loggers (Chichester, UK) were 
successfully incubated in nine rivers in the Austrian Alps (Chapter Five). They 
remained in-situ for approximately 38 days, logging at 1 h resolution. This higher 
frequency data identified a significant negative relationship between mean river water 









Figure A2.1 Mean daily water temperature as a function of catchment glacier cover for nine 




 164  
 
 
Appendix 3: Supporting information for Chapter Four 
Appendix 3.1: Taxonomic identification references 
Reference materials used to identify food web consumers and their resources.  
 
Macrobenthos 
Initial classification to order/family followed Dobson et al. (2012) with higher resolution 
identification obtained from genus/species specific keys.   
 
Dobson, M., Pawley, S., Fletcher, M. and Powell, A. 2012. Guide to Freshwater 
Invertebrates. Cumbria, UK:  Freshwater Biological Association. 
 
Diptera 
Brooks, S.J., Langdon, P.G. and Hieri, O. 2007. The Identification and Use of 
Palaearctic Chironomidae Larvae in Palaeoecology. QRA Technical Guide No. 
10. London, UK: Quaternary Research Association.   
Dobson, M. 2013. Family-level keys to freshwater fly (Diptera) larvae: a brief review 
and a key to European families avoiding use of mouthpart characters. 
Freshwater Reviews. 6, pp. 1-32.  
Jedlička, L., Kúdela, M. and Stloukalová, V. 2004. Key to the identification of blackfly 
pupae (Diptera: Simuliidae) of Central Europe. Biologia – Section Zoology. 
59(15), pp. 157–178. 
Rossaro, B. and Lencioni, V. 2015a. A key to larvae of Diamesa Meigen, 1835 
(Diptera, Chironomidae), well known as adult males and pupae from Alps 
(Europe). Journal of Entomological and Acarological Research. 47(5516), pp. 
123-138.  
Rossaro, B. and Lencioni, V. 2015b. A key to larvae of species belonging to the genus 
Diamesa from Alps and Apennines (Italy). European Journal of Environmental 
Sciences. 5(1), pp. 62–79.   
Schmid, P.E. 1993. A Key to the Larval Chironomidae and their Instars from Austrian 
Danube Region Streams and Rivers, with Particular Reference to a Numerical 
Taxonomic Approach. Part I: Diamesinae, Prodiamesinae and Orthocladiinae. 
Wien, Austria: Federal Institute for Water Quality. 
Sinclair, B. J. 2008. The Systematics of New World Clinocera Meigen (Diptera: 
Empididae: Clinocerinae). Ottawa, Canada: NRC Research Press.  
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Sundermann, A., Lohse, S., Beck, L. A. and Haase, P. 2007. Key to the larval stages of 
aquatic true flies (Diptera), based on the operational taxa list for running waters 
in Germany. International Journal of Limnology. 43(1), pp. 61-74. 
 
Ephemeroptera 
Bauernfeind, E. and Soldán, T. 2012. The Mayflies of Europe (Ephemeroptera). 
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Identification advice was kindly provided by Steve Brooks (Chironomidae), Francois 
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Figure A3.2 Species accumulation curves for all consumers represented by ≥ 5 individual gut 
contents at each of the nine alpine river sites. Some curves suggested that additional gut 
contents may have enhanced the characterisation of feeding linkages (Banašek-Richter et al., 
2004). Sample size in some instances reflected the low abundance of macroinvertebrates in ice 
melt dominated river reaches. However, sample numbers were maximised by the analysis of 
bulk sampled individuals, removal of rare taxa (< 5 individuals) and gut contents analysis of a 
minimum of 20 individuals per species, where present. All available and suitable individuals 
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Appendix 3.3: Estimations of biomass for aquatic macroinvertebrates and 
periphyton  
Published predictive equations were used to estimate body length (mm) and biomass 
(mg) of both consumer and ingested macroinvertebrates across the nine food webs. 
For Chironomidae larvae, body length (L, mm) was estimated from head capsule width 
(HCW, mm) using: 
 
(1)   L = - 3.62 + 29.73 HCW                (Smock, 1980, Table 5) 
 
For all other macroinvertebrates, body length was measured to 0.01 mm using a 
calibrated optical micrometer eye piece at x 25 magnification. Linear body length 
equated to the distance between the head anterior and final abdominal segment 
posterior (Smock, 1980). Biomass (W, mg) was then determined for all consumer and 
ingested macroinvertebrates from body length (L, mm), with family, genera or species-
specific regression constants (a, b). 
 
(2)   ln W = ln a + b* ln L                          (Smock, 1980, p.376) 
 
Table A3.3.1 Taxa specific regression constants for Equation (2).    
 
Taxa ln a ln b Reference 
Diptera -5.221 2.43 Smock, 1980, Table 3 
Chironomidae/ Orthocladiinae -5.279 2.32 Smock, 1980, Table 2 
Diamesa -6.231 2.602 Nolte, 1990, Table 1 
Micropsectra atrofasciata -7.321 2.588 Nolte, 1990, Table 1 
Orthocladius spp. -6.228 2.264 Nolte, 1990, Table 1 
Tanypodinae -5.573 2.41 Smock, 1980, Table 2 
Simuliidae -5.339 2.55 Smock, 1980, Table 2 
Ephemeroptera -5.021 2.88 Smock, 1980, Table 3 
Baetis spp. -5.714 3.20 Smock, 1980, Table 2 
Plecoptera -6.075 3.39 Smock, 1980, Table 3 
Trichoptera -6.266 3.12 Smock, 1980, Table 3 
 
Ingested periphyton (e.g., diatoms, desmids, algal cells, cyanobacteria) were assigned 
shape categories based upon their genus or species (CEN, 2015). A calibrated optical 
micrometer was used to measure their length (h), width (w) and depth (d) to the 
nearest 0.001 mm at x 1000 magnification, to inform standardised equations and 
correction factors to calculate cell biovolume (V, µm3) (CEN, 2015). Predictive 
equations were used to estimate depth when this dimension was not visible 
microscopically (CEN, 2015). In their absence (Achnanthes, Cymbopleura, Diatoma, 
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Eucocconeis, Gomphonema, Meridion, Planothidium, Psammothidium, Reimeria, 
Stauroneis), depth was assumed to equal width for small freshwater algae (Sun and 
Lui, 2003).  
 
Cylinder  V = 1/4 𝜋 d 2 h         
Cuboid   V = d  w h     
Elliptic cylinder V = 1/4 𝜋 d  w h     
Ellipsoid  V = 1/6 𝜋 d  w h         
Lanceolate cylinder V = 2/𝜋 d  w h     
Pyramid   V = 1/3 d  w h     
Rhomboid prism  V = 1/2 d  w h     
Sphere  V = 1/6 𝜋 d 3 
Spheroid   V = 1/6  𝜋 w2 h     
Tetrahedron  V = 1/12 √ 3 w2 h                  (adapted from CEN, 2015, Annex A) 
 
Shape categories and correction factors included: 
Cylinder: Cladophora glomerata, filamentous algal spp., cyanobacteria, Homeothrix, 
Spirulina  
Cuboid: Pinnularia spp. (correction factor: * 0.9), Tabellaria flocculosa 
Elliptic cylinder: Achnanthes spp., Achnanthidium minutissimum, Amphora pediculus 
(correction factor: * 0.65), Cymbella spp., Cymbopleura amphicephala (correction 
factor: * 0.9), Diatoma spp., Encyonema spp. (correction factors: neogracile, latens 
type, lange-bertalotii = * 0.65, minutum, silesacum, ventricosum = * 0.8), Eucocconeis 
laevis, Eunotia spp. (correction factor: *1.03), Fragilaria spp., Hannaea arcus 
(correction factor: * 1.03), Humidophila perpusilla, Navicula spp., Odontidium mesodon, 
Planothidium frequentissimum, Psammothidium helveticum, Reimeria sinuata, 
Stauroneis agrestis (correction factor: * 0.9), Staurosirella spp. 
Ellipsoid: Desmid cosmarium (half-cell basis). 
Lanceolate cylinder: Cymbella parva (correction factor: * 0.8), Adlafia minuscula, 
Nitzschia dissipata, N. fonticola (correction factor: *1.15).  
Pyramid: Gomphoneis spp. (correction factor: *0.9), Gomphonema spp. (correction 
factor: *0.9), Meridion circulare (correction factor: * 0.9). 
Rhomboid prism: Nitzschia palea var. debilis, N. gracilis, N. soratensis, N. spp. 
(correction factors: *1.15) 
Sphere: Individual algal cells 
Spheroid: Chlorella 
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Tetrahedron: Desmid staurodesmus 
 
Biovolume (V, µm3)  was converted to cell carbon content (C, pg C) using the 
regression constants (a, b) of Menden-Deuer and Lessard (2000), in their non-log10 
transformed form.  
 
(3)   C = a V b                 (adapted from CEN, 2015, Table C.1) 
 
Table A3.3.2 Regression constants for Equation (3), adapted from Menden-Deuer and Lessard 
(2000, Table 4). 
 
Taxa a b 
Diatoms 0.288 0.811 
Diatoms > 3000 µm3 0.117 0.881 
Protist plankton 0.216 0.939 
Protist plankton < 3000 µm3 0.261 0.860 
 
The carbon values (C, pg C) were then divided by 1,000,000,000 for conversion to 
biomass (W, mg). This approach may underestimate diatom biomass given that only 
carbon content is considered. However, representation of periphyton biomass as 
carbon biomass is widely adopted given the complexities of more accurate 
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Appendix 3.4: Study-specific macroinvertebrate body-size relationships 
Regressions were determined between macroinvertebrate body length and dimensions 
of their individual body parts, for taxa identified in the Surber samples. If no relationship 
was evident at a specific site (n), measurements from across the nine sampling sites 
were collated (n = 9). Regression equations were then used to estimate the body 
length of macroinvertebrate prey from the size of individual body parts found 
fragmented in the gut contents of consumers. In turn, further regressions published in 
the literature were used to estimate their biomass (Appendix 3.3). Relationships were 
determined at the taxonomic resolution available for identified ingested body parts and 
for which a regression was evident. If head capsules were identified in the gut contents, 
their width was used to estimate body length and biomass (Appendix 3.3), with 
fragmented body parts assumed to have been originally attached to that individual. 
Regressions were only used to calculate the body length of individuals if body part 
abundance suggested presence of further prey (e.g., one Chironomid larvae head 









Figure A3.4  Significant study-specific relationships between aquatic macroinvertebrate body 
length and body part dimensions. Abdomen segment width refers to the widest abdominal 
segment available for measurement.  
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No regressions could be identified between body length and mentum width 
(Chironomidae, Simuliidae), first abdominal segment width (Plecoptera) and leg 
segment lengths (Baetidae, Plecoptera), at any or all sites. Insufficient availability of 
preserved antennae (Baetidae, Plecoptera, Tanypodinae) and tails (Baetidae) in the 
Surber samples prevented regression with these items identified in the gut. It was also 
not possible to identify correlation between body length and the length or width of 
macroinvertebrate claws, spines, gills and hairs. All measurements were made using a 
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Figure A3.6  Significant relationships between taxonomic richness and abundance (m-2) of 
macroinvertebrate and diatom valves for alpine rivers both excluding (a to d) and including (e to 
h) site O3 (black triangle), which was influenced by proglacial lake inputs. For diatom metrics, n 
= 8 as biofilm information was unavailable for site E5.   
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Dependent variable         Model (Distribution) χ2/ F p-value Deviance 
explained (%) 








< 0.001 *** 
 
42.0 
Taxonomic richness GAM (Negative binomial) 21.78 < 0.001 *** 90.2 
Diatom     
Density 
Taxonomic richness 
GAM (Negative binomial) 
GAM (Negative binomial) 
1257 
20.80 
< 0.001 *** 
< 0.001 *** 
56.2 
80.7 








< 0.001 *** 
 
41.3 
Taxonomic richness GAM (Negative binomial) 13.41 0.001 ** 51.6 
Diatom     
Density 
Taxonomic richness 
GAM (Negative binomial) 
GAM (Negative binomial) 
1279 
22.53 
< 0.001 *** 
< 0.001 *** 
58.9 
63.8 
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Figure A3.7  Numbered food web nodes. Numbers correspond to the Node column of Table 
A3.5 to identify the species representative of each node. Sites are displayed in order of 
increasing catchment glacier cover but the dotted line separates site O3 which was influenced 
by proglacial lake inputs.  
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Appendix 3.8: Connectance and trophic food web descriptors  
Table A3.8  Connectance and trophic descriptors of food webs constructed for nine alpine 
rivers in the Austrian Alps. Sites are presented in order of reducing catchment glacier cover. B = 
basal nodes, I = intermediate nodes, T = top nodes, SD = standard deviation, L = trophic link 
length, A = trophic link angle, * = site downstream of a proglacial lake. Trophic similarity 
considered the number of node connections shared by two taxa as a fraction of their overall 
connections and the total similarity value was averaged per node (mean/maximum trophic 
similarity) (Hudson et al., 2016). The 2-span statistic represented the distance between pairs of 
consumers and resources. Link length statistics described differences in the orders of 
magnitude of M and N between nodes while link angles noted the rate of change in M between 
resources and consumers. Chain span represented difference in the orders of magnitude of M 
and N between basal and top nodes. Tritrophic statistics considered these parameters for the 
link lengths (L) and angles (A) between basal and intermediate nodes (lower), intermediate 
nodes and consumers (upper), and difference in angle between these two measures (A 
between) (Cohen et al., 2009). All other terms are defined in Section 4.2. Tritrophic statistics 
could not be calculated for sites E5 and U1 due to the absence of population density data. Sites 
R1 and R4 had insufficient nodes for tritrophic statistic calculation. 
 
 
 R1 U1 O3* E5 R4 E2 E1 U2 E4 
Connectance descriptors          
Node properties          
Number of nodes (S) 14 9 73 20 16 72 109 70 95 
Resource: consumer ratio 13.00 9.00 6.27 4.50 4.33 0.78 6.56 7.56 6.08 
Fraction of B level nodes (%) 0.93 0.89 0.85 0.80 0.81 0.88 0.85 0.87 0.84 
Fraction of I level nodes (%) 0.00 0.00 0.10 0.10 0.00 0.08 0.10 0.09 0.10 
Fraction of T level nodes (%) 0.07 0.11 0.06 0.10 0.19 0.04 0.05 0.04 0.06 
Link properties          
Number of trophic links (L) 13 9 232 28 23 153 375 198 280 
Linkage density (L/S) 0.93 1.00 3.18 1.40 1.44 2.13 3.44 2.83 2.95 
Directed connectance (L/S2) 0.07 0.11 0.04 0.07 0.09 0.03 0.03 0.04 0.03 
Proportion of links (I: B) 0.00 0.00 0.36 0.07 0.00 0.41 0.39 0.50 0.02 
Proportion of links (I: I) 0.00 0.00 0.05 0.00 0.00 0.01 0.03 0.04 0.01 
Proportion of links (T: B) 1.00 0.89 0.58 0.82 1.00 0.51 0.55 0.41 0.74 
Proportion of links (T: I) 0.00 0.00 0.02 0.12 0.00 0.06 0.03 0.05 0.04 
Chain properties          
Mean chain length 1.00 1.00 2.24 1.12 1.00 1.59 2.01 1.93 1.35 
Median chain length 1 1 2 1 1 2 2 2 1 
Maximum chain length 1 1 5 2 1 3 4 4 4 
Chain length (SD) 0.00 0.00 1.18 0.33 0.00 0.53 0.87 0.68 0.59 
Characteristic path length 1.72 1.58 2.26 1.85 1.93 2.02 2.14 2.12 2.18 
Mean degree distribution 0.07 0.09 0.02 0.06 0.08 0.01 0.01 0.02 0.01 
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 R1 U1 O3* E5 R4 E2 E1 U2 E4 
Feeding relationship properties         
Omnivory 0.00 0.00 0.08 0.10 0.00 0.06 0.06 0.10 0.06 
Mean trophic generality 13.00 9.00 21.09 7.00 7.67 17.00 23.44 22.00 18.67 
Normalised generality (SD) 3.74 3.00 2.95 2.99 2.36 4.26 3.90 3.40 3.87 
Mean trophic vulnerability 1.00 1.00 3.36 1.56 1.77 2.19 3.57 2.91 3.08 
Normalised vulnerability (SD) 0.29 0.00 0.74 0.63 0.76 0.78 0.73 0.67 0.82 
Mean/max trophic similarity 0.93 0.90 0.81 0.89 0.84 0.93 0.90 0.88 0.91 
Trophic descriptors          
Link statistics          
Number of food chains 13 8 323 26 23 183 588 297 291 
Mean link length 11.42  10.90  12.66 10.99 11.36 12.01 12.78 
Mean link angle -14.41  -20.72  -14.43 -22.46 -17.62 -28.64 -19.77 
Tritrophic statistics          
Number of three node chains   65   49 88 78 30 
Mean 2-span   10.80   12.01 11.14 13.70 13.99 
Mean L upper   0.82   1.28 1.61 1.65 1.12 
Mean L lower   10.31   11.76 10.55 12.19 13.84 
Mean A upper   -47.93   -127.00 -84.31 -64.79 29.10 
Mean A lower   -20.11   -11.62 -10.56 -23.85 -22.89 
Mean A between   -55.51   -115.40 -73.75 -40.95 -32.01 
Multitrophic statistics          
Community span 11.42  16.13  12.66 16.83 16.55 17.12 17.30 
Mean count chain length 1.00  2.15  1.00 1.65 1.91 1.89 1.37 
Mean sum chain length 11.42  12.72  12.66 12.64 12.86 14.53 13.79 
Mean chain span 11.42  11.95  12.66 11.97 12.29 14.44 13.40 
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Figure A3.9.1  Food webs representative of river sites with variable catchment glacier cover in 
the Austrian Alps. Dramatic differences in food web structure at site O3 of the Obersulzbach 
valley, in comparison to other sites with similar catchment glacier cover, are potentially driven by 
the influence of an upstream proglacial lake. Colours represent basal (orange circles) and 
consumer (yellow circles) nodes, alongside linkages connecting basal and intermediate (green 
lines) and intermediate and top (blue lines) nodes.  




















Figure A3.9.2  Significant GAM/GLM relationships between catchment glacier cover and both 
connectance and trophic food web descriptors for alpine river sites. These relationships include 
site O3 (black triangles) which is situated approximately 3.3 km downstream of the 
Obersulzbachkees proglacial lake (n = 9). Black lines illustrated lines of best fit and 95 % 
confidence intervals. Res = resource, Con = consumer. For the trophic descriptors, n = 7 as 
abundance information was absent for site E5 and U1.   










Figure A3.9.3  Significant increases in the total biomass (mg m-2) of basal taxa, primary 
consumers, predators and all aquatic biota of alpine river food webs with declining catchment 
glacier cover in the Austrian Alps. Summary statistics are presented in Table A3.9.1. Black lines 
illustrate lines of best fit and 95 % confidence intervals. Basal biomass included biomass values 
for primary producers alongside AFDM of amorphous detritus. Biomass information was 
available for macroinvertebrate and periphyton species but n = 7 as diatom biomass estimates 
were unavailable for sites E5 and U1. Site O3 (black triangles), which was influenced by a 
proglacial lake, is included in these correlations. 
Table A3.9.1  GLM/GAM summary statistics describing the relationships illustrated in Figure 





Dependent variable Model (Distribution) χ2 / F p-value Deviance 
explained (%) 
Connectance descriptors     
Node properties     
Number of nodes GAM (Negative binomial) 32.03 < 0.001 *** 50.3 
Res: Con ratio GAM (Gaussian) 15.13 0.005 ** 83.5 
Link properties     
Number of links GAM (Negative binomial) 69.62 < 0.001 *** 43.6 
Linkage density GLM (Gaussian) 8.54 < 0.022 * 55.0 
Chain properties     
Characteristic path length GLM (Gaussian) 5.68 0.049 * 44.8 
Mean degree distribution GLM (Gaussian) 6.71 0.036 * 48.9 
Feeding relationship properties    
Mean trophic vulnerability GLM (Gaussian) 8.49 < 0.023 * 54.8 
Trophic descriptors     
Link statistics     
Number of chains GAM (Negative binomial) 81.55 < 0.001 *** 39.4 
Multitrophic statistics     
Community span GLM (Gaussian) 7.80 0.038 * 60.9 
Mean chain span GLM (Gaussian) 7.28 0.043 * 59.3 
Mean sum chain length GLM (Gaussian) 14.02 0.013 * 73.7 
Biomass     
Basal GAM (Negative binomial) 30.57 < 0.001 *** 68.6 
Primary consumer GAM (Negative binomial) 106.1 < 0.001 *** 33.1 
Predator GAM (Negative binomial) 237 < 0.001 *** 35.1 
Total GAM (Negative binomial) 277.8 < 0.001 *** 45.7 
 191  
 
 








Figure A3.10.1  Significant linear relationship between the percentage of taxa connected by ≤ 
two trophic links and catchment glacier cover, for eight alpine river food webs.    
Table A3.10.1  Comparison of global clustering coefficients computed for observed and 
randomly generated food webs. Values for random networks represent the average global 
clustering coefficient of 1000 randomly generated networks constructed to comprise the same 
number of nodes and links as each observed river food web, using the Erdos-Renyi model in 
the igraph package of R (Csardi and Nepusz, 2016). 
  Global clustering coefficients 







E1 36 0.714 0.148 5 
E2 3 0.737 0.064 12 
E4 26 0.737 0.060 12 
E5 0 0.884 0.063 14 
R1 64 0.000 0.135 0 
R4 30 0.693 0.189 4 
U1 46 0.000 0.236 0 
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Appendix 3.11: Relationships between food web descriptors and environmental 
parameters  
Table A3.11.1  Significant GLM/GAM relationships between both connectance and trophic 
descriptors for eight alpine river food webs and physicochemical variables. Tritrophic statistics 
were not correlated as following removal of site O3, data were only available for four sites. 
Independent/ Dependent 
variables 
Model (Distribution) χ2 / F p-value Deviance 
explained (%) 
Turbidity (NTU)     
Number of nodes GAM (Negative binomial) 58.02 < 0.001 *** 96.0 
Intermediate taxa GAM (Gaussian) 49.58 < 0.001 *** 95.2 
Number of links GAM (Negative binomial) 136.00 < 0.001 *** 92.5 
Linkage density GAM (Gaussian) 9.40 0.020 * 79.0 
Directed connectance GAM (Gaussian) 69.98 < 0.001 *** 96.6 
T: B taxa GAM (Gaussian) 5.85 0.049 * 70.1 
T: I taxa GAM (Gaussian) 41.59 < 0.001 *** 94.5 
I: B taxa GAM (Gaussian) 8.83 0.023 * 77.9 
Mean chain length GAM (Gaussian) 6.23 0.044 * 71.4 
Maximum chain length GAM (Gaussian) 19.05 0.005 ** 88.4 
Characteristic path length GAM (Gaussian) 11.64 0.013 * 82.3 
Mean degree distribution GAM (Gaussian) 247.50 < 0.001 *** 99.0 
Omnivory GAM (Gaussian) 16.87 0.006 ** 87.1 
Mean trophic generality GAM (Gaussian) 14.80 0.009 ** 85.6 
Mean trophic vulnerability GAM (Gaussian) 7.90 0.028 * 76.0 
Number of chains GAM (Negative binomial) 107.90 < 0.001 *** 91.4 
Community span GAM (Gaussian) 84.59 < 0.001 *** 98.3 
Mean count chain length GLM (Gaussian) 11.64 0.027 * 74.4 
1/Pfankuch Index     
Number of nodes GAM (Negative binomial) 57.80 < 0.001 *** 93.7 
Number of links GAM (Negative binomial) 139.60 < 0.001 *** 92.2 
Linkage density GAM (Gaussian) 16.49 0.005 ** 86.8 
Directed connectance GLM (Gaussian) 9.02 0.024 * 60.0 
T: B taxa GLM (Gaussian) 36.25 < 0.001 *** 85.8 
I: I taxa GAM (Gaussian) 6.84 0.036 * 73.2 
I: B taxa GLM (Gaussian) 49.98 < 0.001 *** 89.3 
Mean chain length GAM (Gaussian) 7.35 0.032 * 74.6 
Median chain length GLM (Gaussian) 14.68 0.009 ** 71.0 
Maximum chain length GAM (Gaussian) 16.55 0.005 ** 86.9 
Characteristic path length GAM (Gaussian) 6.53 0.040 * 72.3 
Mean degree distribution GAM (Gaussian) 17.59 0.004 ** 87.6 
Mean trophic generality GLM (Gaussian) 117.04 0.017 * 63.8 
Mean trophic vulnerability GAM (Gaussian) 11.88 0.012 * 82.6 
Number of chains GAM (Negative binomial) 177.80 < 0.001 *** 90.6 
Mean link angle GLM (Gaussian) 28.33 0.006 ** 87.6 
Community span GAM (Gaussian) 62.46 0.004 ** 97.7 
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Table A3.11.1 – continued 
Independent/ Dependent 
variables 
Model (Distribution) χ2 / F p-value Deviance 
explained (%) 
Mean count chain length GLM (Gaussian) 9.20 0.039 * 69.7 
Water temperature (°C)     
Number of chains GLM (Gaussian) 8.72 0.026 * 59.2 
Electrical conductivity (µm cm-1)    
Number of nodes GAM (Negative binomial) 17.86 < 0.001 *** 29.8 
T: B taxa GLM (Gaussian) 8.04 0.030 * 57.3 
Mean link angle GLM (Gaussian) 61.64 0.0014 ** 93.9 
pH     
Number of nodes GAM (Negative binomial) 44.90 < 0.001 *** 76.8 
Number of links GAM (Negative binomial) 107.30 < 0.001 *** 78.3 
Linkage density GAM (Gaussian) 6.83 0.036 * 73.2 
I: B taxa GAM (Gaussian) 5.86 0.048 * 70.1 
Characteristic path length GAM (Gaussian) 11.06 0.014 * 81.6 
Mean degree distribution GAM (Gaussian) 6.49 0.040 * 72.2 
Mean trophic vulnerability GAM (Gaussian) 7.85 0.028 * 75.9 
Number of chains GAM (Negative binomial) 134.60 < 0.001 *** 80.1 
Community span GLM (Gaussian) 22.80 0.009 ** 85.1 
Mean sum chain length GLM (Gaussian) 21.22 0.010 ** 84.1 
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Table A3.11.2  Significant GAM/GLM relationships between connectance and trophic 
descriptors for eight alpine river food webs and nutrient concentrations. Tritrophic statistics were 
not correlated as following removal of site O3, influenced by a proglacial lake, data were only 
available for four sites. Correlations between PO43-  and descriptors were also tested but 







Model (Distribution) χ2 / F p-value Deviance 
explained (%) 
DOC (mg L-1)     
Number of links GAM (Negative binomial) 11.24 < 0.001 *** 19.9 
Number of chains GAM (Negative binomial) 16.51 < 0.001 *** 25.4 
NO3
-
 (mg L-1)     
Number of nodes GAM (Negative binomial) 11.75 0.003 ** 29.8 
Number of links GAM (Negative binomial) 22.34 < 0.001 *** 25.4 
Number of chains GAM (Negative binomial) 22.31 < 0.001 *** 21.3 
TP (mg L-1)     
Mean count chain length GLM (Gaussian) 18.12 0.024 * 85.8 
TN (mg L-1)     
Number of nodes GAM (Negative binomial) 60.09 < 0.001 *** 96.0 
Intermediate taxa GLM (Gaussian) 7.41 0.035 * 55.2 
Number of links GAM (Negative binomial) 146.50 < 0.001 *** 96.8 
Linkage density GLM (Gaussian) 217.40 < 0.001 ** 97.3 
Directed connectance GLM (Gaussian) 15.08 0.008 * 71.5 
T: B taxa GLM (Gaussian) 11.63 0.014 * 66.0 
I: I taxa GLM (Gaussian) 23.94 0.003 * 80.0 
I: B taxa GLM (Gaussian) 14.60 0.009 ** 70.9 
Mean chain length GLM (Gaussian) 23.94 0.003 ** 80.0 
Maximum chain length GLM (Gaussian) 80.20 < 0.001 *** 93.0 
Characteristic path length GLM (Gaussian) 21.15 0.004 ** 77.9 
Mean degree distribution GLM (Gaussian) 32.81 0.0012 ** 84.5 
Mean trophic generality GLM (Gaussian) 41.21 < 0.001 *** 87.3 
Mean trophic vulnerability GAM (Gaussian) 39.36 < 0.001 *** 94.0 
Number of chains GAM (Negative binomial) 184.20 < 0.001 *** 97.0 
Community span GAM (Gaussian) 161.70 < 0.001 *** 99.1 
Mean count chain length GLM (Gaussian) 11.70 0.027 * 74.5 
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Figure A3.12.1  Linear regressions between species-averaged biomass (log10 M) and 
abundance (log10 N) for alpine river food webs. Lines of best fit are displayed in black. Site 
codes and percentage catchment glacier cover are shown for each river site. MN relationships 
could not be established for site E5 as biofilm samples were damaged during transport and site 
U1 as the biofilm species identified within the gut contents were not found in the biofilm 
samples, preventing estimates of their abundance. Absence of abundance or biomass data has 
resulted in certain taxa present in the connectance food webs being unrepresented in MN 
analysis.   









Figure A3.12.2  Linear regressions between the centre point of each biomass bin of 1 on the 
log10 scale and the log10 abundance of individual aquatic taxa found within each bin. Linear 
regressions are displayed and text defines the site code and percentage catchment glacier 
cover for each river site. Individual MN relationships could not be established for site E5 and U1 
due to absence of biofilm abundance data.  
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Appendix 4: Supporting information for Chapter Five 








Figure A4.1 Relationship between inverse relative river water temperature and non-
temperature-adjusted daily cellulose decomposition rates for glacierised mountain rivers (blue 
open circles) and rivers in eleven biomes (black open circles, red lines) recorded by Tiegs et al. 
(2019). There was no significant relationship between water temperature and tensile strength 
loss for sampled rivers (R2 = 0.04). KB = Boltzmann constant (0.0000862), Temp = mean river 
site water temperature (K), Temp0 = 283.15 K. Normalisation of temperatures to the equivalent 
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Appendix 4.2: Microbial taxa responses to reducing glacier cover and tensile 
strength loss 
Table A4.2  Wald statistics illustrating bacterial (16S) and fungal (ITS) OTUs whose abundance 
was associated significantly (Pr(>wald) = < 0.05) with either catchment glacier cover (%) or 
tensile strength loss (TS loss). Values were calculated following manyglm analysis using the 
mvabund package of R (Wang et al., 2018). Arrows indicate if OTU abundance increased or 
decreased with reductions in glacier cover and tensile strength loss across six glacierised 
regions.   







Lemonniera centrosphaera 110.28 0.002   
Tetracladium sp. 38.22 0.010   
Unclassified 30.84 0.031   
Unclassified 40.89 0.003   
Unclassified 45.21 0.002   
Helotiales sp. 50.27 0.002   
Unclassified 50.25 0.002   
Unclassified 29.70 0.045   
Unidentified 36.95 0.013   
Tetracladium marchalianum 61.52 0.002   
Unclassified 90.67 0.002   
Unclassified 31.57 0.025   
Leotiomycetes sp. 116.81 0.002   
Unclassified 31.81 0.024   
Tetracladium sp. 37.97 0.011   
Ascomycota sp. 74.88 0.002   
Tetracladium sp. 32.36 0.023   
Ascomycota sp. 54.43 0.002   
Tetracladium psychrophilum 94.84 0.045   
Bacteria (16S) 
Cytophagales sp. 59.74 0.001   
Unclassified chloroplast 47.75 0.048   
Hymenobacter sp. 49.63 0.043   
Unclassified chloroplast 121.37 0.001   
Cytophagales sp. 68.95 0.001   
Unclassified chloroplast 46.66 0.018   
Flavobacterium sp. 201.75 0.001   
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Appendix 4.3: Influence of proglacial lake inputs on catchment glacier cover 
relationships  
Table A4.3  GLM/GAM summary statistics as displayed in Table 5.1 following the removal of 
river sites influenced by proglacial lake inputs (grey bands). 16S = bacterial (16S) copy number, 
ITS = fungal (ITS) copy number, cbhI = cbhI gene copy number, Ascomycota, Tetracladium and 




Model (Distribution) χ2/ F p-value Deviance 
explained (%) 
Catchment glacier cover (%) 
ITS GLM (Gaussian) 11.47 0.003 ** 37.6 
  8.12 0.012 * 33.7 
16S GLM (Gaussian) 0.75 0.394 2.2 
  3.17 0.085 9.9 
Ascomycota GAM (Negative binomial) 14.99 < 0.001 *** 13.5 
  15.10 < 0.001 *** 15.2 
Tetracladium GAM (Negative binomial) 386.10 < 0.001 *** 23.1 
  379.80 < 0.001 *** 22.6 
Saprotroph GAM (Negative binomial) 305.70 < 0.001 *** 28.9 
  332.20 < 0.001 *** 35.5 
cbhI GLM (Gaussian) 18.88 < 0.001 *** 65.4 
  11.84 < 0.001 *** 62.8 
Tensile strength loss (%) (lbs/ degree-day) 
ITS GLM (Gaussian) 7.66 0.014 * 32.4 
  5.65 0.033 30.3 
cbhI GLM (Gaussian) 20.25 < 0.001 *** 65.4 
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Appendix 4.5: Significant relationships with environmental parameters  
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Figure A4.5  Significant GLM/GAM relationships between physicochemical parameters, nutrient 
concentrations (mg L-1), catchment glacier cover, tensile strength loss, microbial copy numbers 
and fungal OTU abundance (Ascomycota, Tetracladium, saprotrophs) for river sites across six 
glacierised regions. There were no significant relationships regarding taxa of the order 
Saccharomycetales and all environmental parameters. Summary statistics are presented in 
Table 5.1.   
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Appendix 5: Supporting information for Chapter Six 
Appendix 5.1: Taxa responses to declining catchment glacier cover at different 















Figure A5.1  Variability in the response of macroinvertebrate (b to i) and diatom (j to o) 
taxonomic richness and abundance to a gradient of reducing catchment glacier cover at 
different levels of biological organisation (a to o). Significant GAM statistics are displayed in 
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Table A5.1. D. goetghebueri = Diamesa goetghebueri, D. insignipes = Diamesa insignipes, A. 
min. = Achnanthidium minutissimum, A. lineare = Achnanthidium lineare. Species were selected 
to exemplify that the significance and distribution of relationships between parameters altered 
with taxonomic classification. 






Dependent variable Model (Distribution) χ2/ F p-value Deviance 
explained (%) 
Food web 
Number of nodes GAM (Negative binomial) 46.73 < 0.001 *** 74.9 
Macroinvertebrates 
Macroinvertebrate abundance GAM (Negative binomial) 116.1 < 0.001 *** 20.8 
Macroinvertebrate richness GAM (Negative binomial) 13.63 < 0.001 *** 49.3 
Chironomidae abundance GAM (Negative binomial) 124.6 < 0.001 *** 14.5 
Chironomidae richness GAM (Negative binomial) 6.23 0.045 * 47.6 
Diamesa abundance GAM (Negative binomial) 61.41 < 0.001 *** 9.4 
Diamesa richness GLM (Gaussian) 1.71 0.239 22.1 
D. goetghebueri abundance GAM (Negative binomial) 18.45 < 0.001 *** 5.41 
D. insignipes abundance GAM (Negative binomial) 26.39 < 0.001 *** 6.57 
Diatoms 
Diatom abundance GAM (Negative binomial) 1054 < 0.001 *** 43.0 
Diatom richness GAM (Negative binomial) 18.38 < 0.001 *** 44.6 
A. min. complex abundance GAM (Negative binomial) 224.4 < 0.001 *** 29.1 
A. min. complex richness GLM (Gaussian) 5.936 0.059 54.3 
A. minutissimum abundance GAM (Negative binomial) 765.9 < 0.001 *** 42.4 
A. lineare abundance GAM (Negative binomial) 1012 < 0.001 *** 45.3 
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Figure A5.2  Significant GAM relationships between α-diversity (taxonomic richness, OTU 
richness) of taxonomic groups and reducing catchment glacier cover, determined from sampled 
river sites (food webs, macroinvertebrates, diatoms = Austrian Alps; Bacteria (16S) = Antisana 
Ecuador, Eastern Alps Austria, Finse Norway, Western Alps France; Fungi (ITS) = as for 
bacteria with the addition of Southern Alps New Zealand). 
Table A5.2  GAM summary statistics pertaining to Figure A5.2.  
Dependent variable Model (Distribution) χ2/ F p-value Deviance explained (%) 
α-diversity 
Food web GAM (Negative binomial) 46.73 < 0.001 *** 74.9 
Macroinvertebrate GAM (Gaussian) 24.61 0.002 ** 90.8 
Diatom GAM (Negative binomial) 26.71 < 0.001 *** 43.5 
Fungi (ITS) GAM (Negative binomial) 21.34 < 0.001 *** 19.6 
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Appendix 5.3: Comparison of observed food webs to those in published 
literature 
Table A5.3  Comparison of connectance food web descriptors from this thesis and 241 river 
food webs derived from 37 published studies. Descriptors include species richness (S), number 
of links (L), linkage density (L/S), directed connectance (C) and mean chain length (MCL). 
Studies were identified using the Web of Science (15 March 2019) with a combination of search 
terms (river, food web, connectance). Food webs are collated for rivers from different 
landscapes, years, seasons and disturbance regimes, but may not be exhaustive. Those 
marked * pertain to meltwater-fed rivers in published studies. References are detailed in full 














Reference Country River S L L/S C MCL Notes
Chapter Four Austria R1 14 13 0.93 0.07 1.0
U1 9 9 1.00 0.11 1.0
O3 73 232 3.18 0.04 2.24 lake inputs
E5 20 28 1.40 0.07 1.12
R4 16 23 1.44 0.09 1.0
E2 72 153 2.13 0.03 1.59
E1 109 375 3.44 0.03 2.01
U2 70 198 2.83 0.04 1.93
E4 95 280 2.95 0.03 1.35
Clitherow et al. Austria Eisboden river 13 16 1.23 0.05 2.0 2006 *
(2013) 19 51 2.68 0.14 2.36 2008 *
19 67 3.53 0.19 2.32 2011 *
23 85 3.70 0.16 2.28 Composite *
Ceneviva-Bastos et al. Brazil São José dos Dourados River 106 261 2.46 0.05 Open
(2014) tributary stream manipulation 74 185 2.50 0.07 Open (21 months later)
107 261 2.44 0.05 Shaded
63 109 1.73 0.06 Shaded (21 months later)
Ceneviva-Bastos et al. Brazil Headwater stream 82 181 2.11 0.05 Control
(2017) manipulation 98 240 2.44 0.05 Control
86 191 2.19 0.05 Before wood debris
109 294 2.67 0.05 After wood debris
84 194 2.27 0.05 Before debris/ leaf packs
114 323 2.83 0.05 After debris and leaf packs
Docile et al. Brazil  Paquequer River Basin 39 70 1.79 0.19 Urban streams
(2016) 39 62 1.59 0.17
43 86 2.00 0.20
23 34 1.48 0.28
44 68 1.55 0.16
19 32 1.68 0.53
18 28 1.56 0.50
15 21 1.40 0.58
32 45 1.41 0.18
14 20 1.43 0.42
57 114 2.00 0.15
41 81 1.98 0.19
48 76 1.58 0.14
39 66 1.69 0.18
30 41 1.37 0.19
35 58 1.66 0.19
29 37 1.28 0.18
21 21 1.00 0.19
12 9 0.75 0.26
28 34 1.21 0.18
Motta and Uieda Brazil Potreirinho Creek 117 345 3.00 0.05 Composite
(2005)
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Reference Country River S L L/S C MCL Notes
Tavares-Cromar Canada Duffin Creek 39 146 3.74 0.10 October
and Williams 35 110 3.14 0.09 December
(1996) 32 107 3.34 0.11 February
31 102 3.29 0.11 April
37 120 3.24 0.09 June
32 101 3.16 0.10 August
33 104 3.15 0.10 October
42 193 4.29 0.10 Composite
Tamaris-Turizo et al. Colombia San Lorenzo 17 39 1.77 0.08 1.81 Wet season
(2018) 31 77 2.48 0.08 1.95 Dry season
La Victoria 24 75 3.12 0.13 1.92 Wet season
32 87 2.71 0.08 1.93 Dry season
Puerto Mosquito 22 42 2.47 0.14 1.84 Wet season
33 123 4.33 0.13 2.03 Dry season
Lavandier and France l’Estaragne headwater 16 46 2.88 0.10 *
Decamps (1983) 30 93 3.72 0.18 *
Poepperl (2003) Germany Alte Schwentine 14 34 2.43 0.19
Meyer and Poepperl Germany Steina mountain stream 18 90 5.00 0.29
(2004)
Mantel et al. (2004) Hong Kong Tai Po Kau Forest stream 28 157 5.61 0.21 2.04
Canning et al. (2018) New Zealand Waipuku Stream 19 45 Forest
24 61 Grassland
Waipuku Stream tributary 23 62 Forest
22 56 Grassland
Mangatoki Stream 22 53 Forest
20 46 Grassland
Kaupokonui East Stream 27 73 Forest
Tributary 24 61 Grassland
Kaupokonui East Stream 29 42 Forest
23 46 Grassland
Dunns Creek 24 61 Forest
33 84 Grassland
Little Dunns Creek 21 48 Forest
25 63 Grassland
Ouri Stream 33 95 Forest
39 127 Grassland
Cold Stream 29 83 Forest
25 69 Grassland
Kapoaiaia Stream 22 42 Forest
19 46 Grassland
Composite (n  = 10) 25 60 2.43 0.10 1.97 Forest
25 66 2.59 0.60 1.94 Grassland
Jaarsma et al. New Zealand Healy Creek 96 589 6.14 0.14 3.02
(1998) New Zealand Dempsters Creek 107 967 9.04 0.19 4.67
Townsend et al. New Zealand Blackrock 87 859 9.87 0.13 2.24
(1998) Broad 95 1278 13.45 0.17 2.25
Canton 109 1455 13.35 0.14 2.45
Dempsters 107 1783 16.66 0.18 4.42
German 86 820 9.54 0.13 2.40
Healy 96 1131 11.78 0.15 2.99
Kye Burn 98 1503 15.34 0.18 2.35
Little Kye Burn 78 770 9.87 0.15 2.39
Stony 113 1880 16.64 0.17 2.38
Sutton 92 1144 12.44 0.17 1.79
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Reference Country River S L L/S C MCL Notes
Thompson and New Zealand Venlaw 69 190 2.75 0.08 2.12 Forest streams
Townsend (2003) Berwick 79 284 3.59 0.10 1.68
North Col 78 421 5.40 0.11 2.27
Powder 78 268 3.44 0.08 2.24
Trib C 98 626 6.42 0.18 2.35
Sutton 92 423 4.60 0.17 1.79
Thompson and New Zealand South Island Streams 83 375 4.31 0.13 2.24 Pasture, forest,
Townsend (2004) 89 656 5.95 0.17 2.25 tussock
100 708 6.50 0.14 2.45
70 421 5.40 0.11 2.27
77 268 3.44 0.08 2.24
82 224 2.67 0.07 1.61
58 117 2.02 0.08 1.72
75 240 3.04 0.08 1.56
45 440 2.24 0.07 1.57
76 155 2.18 0.06 1.69
66 187 2.71 0.08 2.12
96 966 9.03 0.18 4.42
79 353 4.10 0.13 2.40
90 589 6.14 0.14 3.02
93 629 6.42 0.18 2.35
67 375 4.81 0.15 2.39
104 832 7.36 0.17 2.38
89 423 4.60 0.17 1.79
Thompson and New Zealand South Island Streams 87 375 4.31 0.13 2.24 Sites as above
Townsend (2005) 95 565 5.95 0.17 2.25
109 708 6.50 0.14 2.45
78 421 5.40 0.11 2.27
78 268 3.44 0.08 2.24
84 224 2.67 0.07 1.61
58 117 2.02 0.08 1.72
79 240 3.04 0.08 1.56
49 110 2.24 0.07 1.57
71 155 2.18 0.06 1.69
69 187 2.71 0.08 2.12
107 966 9.03 0.18 4.42
86 353 4.10 0.13 2.40
96 589 6.14 0.14 3.02
98 629 6.42 0.18 2.35
78 375 4.81 0.15 2.39
113 832 7.36 0.17 2.38
López-Rodríguez Spain Arroyo de las 5 5 1.00 0.20 Intermittent streams
et al. (2012) Perdices tributary 2 3 1.50 0.75
2 2 1.00 0.50
Mor et al. (2018) Spain Montsant River 41 170 4.15 0.10 2.30 Upstream of dam
59 283 4.80 0.08 3.90 Downstream
88 434 4.93 0.06 2.80 Downstream
59 322 5.46 0.09 2.70 Downstream
Sánchez-Hernández Spain River Tormes 54 341 6.31 0.12 2.19 Different Salmo trutta
(2016) 54 346 6.41 0.12 2.20 ages
54 341 6.31 0.12 2.24
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Reference Country River S L L/S C MCL Notes
Vannucchi et al. Spain Cacín stream 27 64 2.37 0.09 1.70 November
(2017) 23 64 2.78 0.12 1.61 December
19 52 2.74 0.14 1.74 January
20 56 2.80 0.14 1.65 February
24 73 3.04 0.13 1.67 March
16 47 2.94 0.18 1.63 April
26 83 3.19 0.12 1.69 May
23 68 2.96 0.13 1.74 June
25 75 3.00 0.12 1.72 July
18 52 2.89 0.16 1.61 August 
27 77 2.85 0.11 1.71 September
26 74 2.85 0.11 1.73 October
Baumgartner and Switzerland Mönchaltorfer Aa 18 136 5.72 0.24 Influenced by a 
Robinson (2017) catchment 11 59 3.52 0.21 waste water
11 61 3.48 0.20 treatment facility
Brown et al. UK Mill stream 61 320 5.25 0.09 2.09 Stream side
(2011) UK Mill stream 71 390 5.49 0.08 2.06 mesocosms
UK Mill stream 67 492 7.34 0.11 2.13
UK Mill stream 68 437 6.43 0.09 2.16
Hildrew et al. (1985) UK Broadstone stream 24 90 3.75 0.16
Lancaster and UK Broadstone stream 35 122 3.49 0.11
Robertson (1995)
Layer et al. (2010) UK Multiple streams 23 137 5.96 0.26 Streams along a pH 
across UK 24 159 6.63 0.28 gradient
30 187 6.23 0.21
44 427 9.70 0.22
25 136 5.44 0.22
25 178 7.12 0.28
24 135 5.63 0.23
22 94 4.20 0.19
21 99 4.71 0.22
19 71 3.74 0.20
21 108 5.14 0.24
22 56 2.55 0.12
61 759 12.44 0.20
35 285 8.14 0.23
29 194 6.69 0.23
40 335 8.38 0.21
20 114 5.70 0.29
44 384 8.73 0.20
66 940 14.24 0.22
87 1653 19.00 0.22
Ledger et al. (2013) UK Stream side 61 376 5.96 0.09 1.49 Control
mesocosm 48 248 4.94 0.10 1.09 Drought
Mathews (1993) UK River Thames 10 18 1.80 0.20
Woodward and UK Broadstone stream 24 109 4.50 0.19 4.91 Pre- and post-
Hildrew (2001) 25 128 5.10 0.21 5.33 Cordulegaster boltonii 
33 146 4.40 0.13 4.88 invasion
34 170 5.00 0.15 5.38
Schmid-Araya UK Broadstone stream 85 378 4.45 0.05 August
et al. (2002) 86 352 4.09 0.05 November
70 297 4.24 0.06 February
54 229 4.24 0.08 May
128 271 5.63 0.04 Composite
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Figure A5.4  Significant linear relationships between the percentage of catchments covered 
permanently by glacier ice and a multivariate glaciality index (Ilg and Castella, 2006). Glacier 
cover was calculated remotely using the watershed analysis tools of ArcGIS. Calculation of the 
glaciality index followed Ilg and Castella (2006) and captured the intensity of ice melt influence 
in-situ by assessing the harshness of site physicochemical variables (water temperature, 
Pfankuch Index (Pfankuch, 1975), optical turbidity and electrical conductivity). More positive 
values represent greater glacial influence. Sites influenced by upstream proglacial lake flow 
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